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Abgtract.

The formation of anionic complexes of americium-241
and their absorptions on an anion exchange resin, nemely
Deacidite FF, a polysﬁ%ene based rosin with quaternary
ammonium functional group, have been studied. It was found
that sufficient quantities of thiocyanate, chloride and nit-
rate complexes of americhiacould be absorbed onto the anion
exchange resin to enable the study of alpha radiolyses of
anion exchange resins.

Alpha-particle irradiations of nitrate and thiocyanate
forms of resins have been carried out by absorption of ameri-
cium on functional groups of resins. The degradation of
anion exchange resins has also been studied by slurrying the
resin with americium solutions. It was observed that under
both the éonditions, the extent of degradation at any dose
was almost the same.

A dependence of the stability of the resin upon
hydrogen ion concentration was noted for both alpha and
gamma radiation, but was found to be more prominent in the
latter case. Studies of the dependence of the radiation
stability upon ionic forms of resins revealed that the stab-

ility is independent of the anionic forms, except for



3.
y-radiolysis of the nitrate form of resin. The comparative
results of alpha and gamma radiolyses of anion exchange
resing showed that alpha particles produced less damage
than an equivalent dose of gamma photons.

A study of the effects of dose rate on the radiolyses
of anion exchange resins has shown that tae higher the dose
rate, the smaller is the extent of decomposition for an
equivalent total dose. This effect was found to be more
prominent in slpha radiolyses of resins.

Finally, the direct and indirect effects of gamma
radiation on anion exchange resins have been investigated
by irradiating the resin under various conditions,; e.g.
variable water content, scavenger concentrations, etc., and
it is established that 60% of the deamination during
y-radiolyses of resing occurs through a reaction involving

hydrated electrons.
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7.
CHAPTER 1.

INTRODUCTION.

A wide range of organic ion ekchange resins is now
available for industrial use and many of these have found
extensive application in the field of nuclear technology.
Such applications can be divided broadly into four groups.
Processing of Raw Materials: separation and purification of

uranium from raw materials 1, 2).

Chemical Processing of Irradiated Fuels: the separation of
plutonium and fission products from irradiated fuels,

(3, 4, 5)

subsequent purification of the plutonium

(6-8)

separation of americium and curium , the decontami-

nation of radioactive waste solutions(g’ 10).

Reactors: the control of pH and removal of corrosion products
in the primary water coolant in a water cooled reactor;
control of the pH and purity of heavy or light water
moderators(11’ 12).

Chemistry: many chemical separations of radioactive isotopes,
often using chromatographic ion exchange e.g. separation
of individual heavy elements(13’ 14).

In the three latter applications, the ion exchange resin

is exposed to ionising radiation and in some cases also to
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elevated temperatures. The radiation stability of anion

exchange resins has been studied by several workers and

(15),

reviews of this work have been made by Streat

(16) (17)

Natara jan and Creed . They have reported that aqueous

slurries of the strong base anion exchange resin, Deacidite
FF, undergo marked damage at Y -doses abrve 100 Mr. This
resin can be represented as follows:

-~ CH -—~CH2 —TH-—CH‘2 —

|
AN

[\:/%:\1}% ?ﬁ (;Ha

¥ 4NcH

3)3' +N(CH3)3

— éH— CHy —
Irradiation causes loss of stioag base capacity dac o
scission of the C=N bond and nroduction of trimethyl amine.
There is also a growth in weak base capacity due to conver-
sion of some strong base groups to tertiary amine groups.
Accompanying the changes in capacity, unusual effects have
been observed with respect to the polymer matrix : changes
in the c¢ross-linking and, undécr some conditions, complete
(16)

dissolution. Thus, Natarajan has shown that the water

regain (swelling weight) of the irradiated chloride and
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nitrate forms of resims decreases with increasing )I—dose
when these are irradiated as slurries in water. The hydroxide
form of resin, on the other hand, shows an increase'in water
regain up to a dose of 200 Mr., above which it decreases at
a faster rate thaninthe former two resins. Irradiation of
nitrate form of resin in 7M HNO3 causes an unusual increase
of water regain by the resin up to 500 Mr. and, above this dose,
it decreases at a very fast rate. Irradiation under these
conditions has shown that the resin is completely dissolved

(17)

when subjected to a dose of 800 Mr. Creed has studied
the decomposition of the anion exchange resin by Y-irradiation
at various temperatures, in the range of 25°Ce-90°C.,
and has shown that the decomposition occurs to a greater
extent than that due to the sum of the individual effects
of temperature and radiation. Using a small column, he
observed no significant increase in pressure in the resin bed
up to 400 Mr.

More recently, further work on the irradiation of
anion exchange resins has been reported(18-23). Irradiations
have been carried out most frequently using cobalt gamma

photons and, to a lesser extent, with x-rays, fast electrons

and neutrons. It is of interest, however, to compare such
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studies with the results of irradiation by a radicactive
isotope absorbed on the resin functional group. Natarajanﬂs)
has reported some preliminary measurements using americium-241
absorbed on a cation exchanger (Zeocarb-225) in which he
found that the alpha particles fiom the americium caused less
severe damage to the resin than that resulting from an exterml
gamma source. Recently, and after the work reported in this
thesls was largely completed, Ahrens(aq) reported the irradi-
ation of the anion exchange resins Dowex 1, Permutit 81 and
Permutit SK using plutonium-239 as the hexanitrato anionic
plutonium complex absorbed on the resin in presence of 7M

HNO He also found the alpha particle damage to be less

3
than that resulting from gamma irradiation, but was not able
to explain satisfactorily this effect. Ahrens' analyses are
based primarily on capacity measurements and do not include

a detailed analysis of the degradation products.

The purpose of this work was to examine more completely
the decomposition of anion exchange resins irradiated by an
external gamma source and by an alpha-active isotope. In the
latter case, the isotope was ~ither absorbed on the resin or
present dissolved in the cluvrying liquid. The dependence of

the extent of radiation damage on anionic form, acidity of the
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medium and dose rate effects have been investigated. TFurther
experiments designed to improve understanding of the radia-

tion chemical mechanisms for decomposition have been carried

out.
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CHAPTER 2.

ANION COMPLEXLS OF AMERICTUM AND THEIR
ABSORPTION ON ANION EXCHAWGE RESTINS.

2.1. Introduction.

15-1
( 2 7) has shown that doses to the

Previous work
anion exchange resins of 50 to several hundred megarads are
required in order to study the resulting decomposition. The
application of beta-emitting isotopes was not considered
suitable in view of handling problems and also expected
difficulties in calculating the absorbed dose. Alpha-
emitting isotopes present less problem with respect to
dosimetry as all the alpha particles will be absorbed
within the resin slurry, but appreciable problems in radio-
logical protection arise. The only materials which could
be considered here were plutonium-239 or americium-241. In
the former, calculations based on the half 1life and alpha
particle energy indicate that a dose of 30 Mr/month can
be obtained if the anion exchanger is saturated with pluto-
nium in the form of the hexenitrate ion (capacity assumed
to be 4.0 meq/g). This relatively low dose leads to very
long veriods of irradistion which was unacceptable as only
100 mg. of plutonium were svaileble. On the other hand,

200 mg. of emericium-241 (helf life 458 years, alpha particle
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energy 5.4 Mev) were available and so dose rates of aboutb
fifty times greater were feasible. With americium, however,

little is known about its anionic complexes and,for this

(16)

reason, Natarajan confined his studies to the absorption

of the trivalent americium cation. Preliminary studies of
possible anionic complexes were thercfore made.

Literature survey shows that americium dissolved in
HC1, HNO; and HpS0, could not be absorbed on an anion

. (25, 26) _

exchange resin « Americium hes been reported to
form an anionic complex in 20M LiCl, which is absorbed onto
the resin(27’ 28). The rcsin however floats on the dense

liquid. Americium is also absorbed by an anion cxchange

(29-33),

resin as a thiocyanate complex in 5-81 NH4SCN solution

but the thiocyanate ion was reportcd to be decomposed by

(32-33)

radiation and hence americium might be lost from the

resin due to the decomposition of its complex. Recently the

absorption of americium as nitrate complex on the anion

13)

exchange resin was ioported( , althcugh the Kd valucs

(34, 35).

arc in disagreement with others.

It has been c¢stablished thet americium can be cluted

36)

from cation exchange resins by citrate and even more

38 (32%0)
easily by lactate , - fartrate(37’/a%d a-hydroxyisobutyrate” |
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but no study has so far been made as to whether or not
americium can bc absorbed onto the anion exchange resins
from these solutions. The existence of negative complexes
in solution phases, such as acetic, glycolic and thiogly-
colic acids have been reported(4o). Americium has also
been reported to be existing as Am(0204);, Am(30204);
and as an anionic complex with ED‘I‘A.1 The latter is not
suitable since amine is the major product in the degrada-
tion of the resin to be studied. TFrom the above informa-
tion it is clear that an investigation was required to find
a suitable system for alpha particle irradiation of an
anion cxchanged resin by absorption of an anionic compléex
onto it.

In this investigation, thercforc, the formation of
negative complexes of americium and its absorption onto an
anion exchange resin has been studicd by wing lactate,
acetate, oxalate, a-hydroxyisobutyrate, thiocyanate,
chloride and nitrate complexes. Xd values of thiocyanate
and nitratc complexes were also determined using milligram
quantities of emericium.

2.2. BExperimental.

2.2+1+ Preparation of americium solution.

The stock solution of americum in TM HNOB, available
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in this laboratory, was purc. It wes precipitated as
Am(OH)3 by addition of NalOH, centrifuged and the supcr-
natant solution was rcmoved. The precipitate was washed
3 to 4 times with distilled water and finally dissolved in
0.1N HNO3, made to a definite volume and estimatcd by alpha
counting using a scintillation counter.

24242« Preparation of gt form of Zeocarb-225.

About 5.0 3. of the Net form of Zcocarb-225 was
washed with water and warm methanol. An exccss of 4% HNO3
solution was passed through the resin bed in a column.

The HY form of Zeocarb-225 thus cobtained was water washed
to remove HNO39 dried overnight at 105OC0 and stored in a
stoppered bottle.

2.2.3., Preparation of different forms of
anion exchange resins.

Deacidite FF 7-9% cross-linked, 100-200 mesh, was
supplied in the chloride form. The resin was well washed
with distilled water to rcmove water soluble impuriticse.

It was then further washed with warm methanol. As some
of the chloride ions,particularly those associated with
wegk base groups, might have been hydrolysed during washings,
about 20 bed volumes of 4% HC1 solution was then passed

through the resin. he excess HC1 was removed by a further
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methanol wash. The chloride resin thus obtained was then
dried at 105°C. for 4-5 hours and stored for further use.

Other forms of the resin have been prepared from
the purified chloride form of resin. For example, the
nitrate form of the resin was prepared by passing 4% w/v
NaNO3 solution through a 5.0g. sample of the chloride form
of resin in a column until the eluate was free of chloride
ions. At this stage, the strong base groups were converted
to nitrate. About 100 mle. of 4% HNO5 solution was then
passed until the eluate was completely free of chloride
ions and the weak base groups were converted to the nitrate.
Excess HNOB was removed by a methancl wash.

The conversions to oxalate, lactate, citrate and
a-hydroxyisobutyrate were accomplished in a similar menner.
Thus 4% w/v solutions of sodium oxalate, sodium lactate,
sodium citrate and ammonium eo-hydroxyisobutyrate solutions
were used respectively to exchange the strong base chloride
ions. The weak base groups were exchanged by using approp-
riate 4% acid. Conversion to thiocyanate form was accomplished
by passing 4% NH, SCN solution $hrough the resin bed, The adherent
ions were removed by a methanol wash. In this case the

form of weak base group 1s not known.
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2.244. Preparation of complexing solutions.

Sodium oxalate, sodium lactate and sodium acetate
solutions of required molarities and pH (ref. table 2.1.)
were prepared by dissolving the calculated amounts of res-
pective acids and adjusting the pH by addition of sodium
hydroxide solution. Ammonium o-hydroxyisobutyrate was
prepared in the same manner, but by addition of NH4OH
solution instead of the NaOH. Other solutions used for
complexing americium-~241 were SM NH4SCN, 201 LiCl and
&M LiNOB.

2.2.5. Preparation of complex solutions of americium
and their absorption on resins.

Americium in mg. quantities dissolved in O.1N HNOgz
was absorbed in about 0.05g. Ht form of Zeocarb-225. The
resin loaded with americium as cation was washed free of
HNOB. 2 mls. of a complexing solution, e.g. ammonium
a-hydroxyisobutyrate was equilibrated with the cation
exchange resin when most of the emericium distributed
itself to the solution phase. The a~hydroxyisobutyrate
complex of americium was then separated from the cation
exchanger and equilibrated with O.lg. of a-hydroxyisobutyrate
form of resin. The absorption of americium onto the anion
resin was obtained from the measured amounts of americium in

the resin and aqueous phases.
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Similar methodsfor absorption of americium onto
anion resins were employed using other complexing solutions,
e.g. sodium lactate, sodium acetate, sodium oxalate,
ammonium thiocyanate, lithium chloride and lithium nitrate.
In case of oxalate, precipitation of ar.ericium was
observed, when it was eluted from the cation exchange
resin. It was observed that americium was considerably
absorbed onto the anion exchange resin when LiCl, LiNO5
and NH;SCN solutions were used (Table 21.).

A more quantitetive study to determine Kd was
made using these solutions.

2.2.6. Determination Kd using LiCl, LiNOz and
NH4SCN solutions.

Method 1: This method is similar to 2.2.5. except
that 5 x 1077 ml. solution containing 10-20 jg.
americium (instead of mg. quantities) was used for
absorption onto the Zeocarb-225. After absorption
of an anion complex of americium on the anion
exchange resin, estimations of americium in the
resin and soluttonr phases were

used to calculate the Kd values from the relation:

Am/g. resin
Am/ge solution °

Kd =
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Method 2: 5 x 1072 ml. solution containing 10-20 ,g.
americium in O.1N HNO5 was added to 1 ml. of a
complexing solution, e.g. Al NH4SCN, ZdM LiCl amd
a1 LiNO3. This was then equilibrated overnight with
O«lg. of the anion exchange resin in the appropriate
form. Kd values were then calculated from the distri-
bution of americium into the two phases. The XKd
values determined by the two methods were found to

be of the same order.
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Table 2.1. Absorption of americium complexes on anion resins

at varying pH and molarities of complexing solutions.

Complexing Molarity pH | Form An, absorption
solution. of of in resin
complexing resin. phase.
solution.
( 1.0 4,0 | Lactate Nil
( ]
( 3.5 2.5 Lactate Nil
(
( 5.0 4,0 |Lactate Nil
(
( 3.5 4,0 | Thiocyanate Nil
Sodium oxalate (
( 3.5 4,0 }Citrate Nil
E 3.5 4,0 {Chloride Nil
E 1.8 10.0 |Lactate gradual
( precipita~
( tion of
( americium
( occurs,
E 1.8 10.0 |Chloride -do=-
( Thiocyanate ~do-
( 0.1 3.5 i{0Oxalate precipita-
( tion of
. (1 americium
Sodium acetate ( 0CCUrS.
(
( 0.05 {(10M Oxalate No absorp-
( HNOB)' tion.
Sodium _ .
Acetate 5.0 3.0 (Citrate 0.53 mg/

O.1g.resin.




(Table 2.1 - contd.).

274

}

Complexing Molarity i Form . !Msorption
solution. of pH of in resin
complexing resin. phase.
solution.
g 0.5 L,0 | a-hylroxy- Nil
( isobutyrate
Ammonium ( 5.0 2,0 " Nil
o~-hydroxyiso- (
butyrate. ( 5.0 4,0 L Nil
(
( 1.6 4,0 | Citrate 045 mg/
( 0.1g.resin.
NH, SCN 5M 2-3 | Thiocymate ; high absorp-
. . tion of
LiCl 20M 5-6 | Chloride ; americium.
LiNO, 8M 3-4 | Nitrate ) Se‘; _Table
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Table 2.2. Distribution coefficient, Kd, of americium in
anlon exchange resin.
Complex- |Molar- |pH/or |Am.absorbed | Am.in
ing ity 4 [per 8. solu- [Kd Mean Kd
solution.| of aci resin. tion.
complex- mo ar-=
. ity.
ing
solution. hg HE /ﬁ
E 5 1-2 52% 3.4 154 )
)
( 5 1-2 240 1.05 1229.0 |)
( ) 190
E 5 1-2 257 1.70 157 ;
( 5 1-2 370 1,68 {220 )
NH, 5cN ¢
4 ( 3
( 5 5-6 71x10 3.34 1210
( x 102
s |56 | b3ext0® | 173 |aus |
( x 102 g 220
E 5 5-6 | 60.4x10° | 3.1 _ |95 ])
)
E 5 5-6 57.8x10° | 2.5 _ {230 )
( X 102 )
( 19 5-6 350 3.6 97
LiC1 ( »
(] 20 5-6 277 2.1 132




(Table 2.2 ~ contd.).

23.

Complex- | Molar- pH/or Am.absorked | Am. in
ing ity acid per g. solu- [Kd Mean Kd
solution. of molar- | resin. tion.
complex- ity.
ing
solution. HE “5@
¢ 8.0 11604 | 248.0 | 2.84 [87.0 )
( - ) 90.5
( 8.0 15164 191.5 | 2.20 lok.o )
(
( 7.5 5x1d§M 183.0 3.50 |52.2 |)
( 5 ) 50.1
E 7.5 5x10°M 182.0 3,78 48,0 |)
( 7.5 5x16°M | 160.0 | 3.3 [u8.5 |
LiNO, ( - ) 53.7
g 7.5 5x10 M 185.0 3.12 {59.0 |)
E 7.5 5x164M 202.0 5.3 |38.0 {)
( _I] ) 37'75
( 75 5x10 M 186.,0 4,96 |37.5 |)
(
( 7.5 5x165M 67.73 1.6 _ 2.5 1)
( x 10 < 107 ;
(
( 7.5 5x19M 1 71.6 1,79 [45.0 {)
( x 102 | x 103 )
( - ) Lu,2
( 7.5 5x10°M|  70.0 1.78_ {54 )
( x 102 x 1072 )
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2.3. Regults and Discussion.

The high degree of separation of the trivalent
actinide ions from one another, obtainable by elution
from cation exchenge vresins using citric, lactic, tartaric
and a-hydroxyisobutyric acids, is well known(l4). These
separations depend more on the differenccs in complexing
powers of the eluants towards the metal than any specifi-

city in the resins. Possible reactions in solution are 3

X st (1)
2+ +

MXT+ X o MK (i1)

My + X == My (ii1)

y e - .

MXz + X — MX, (iv)

where M and X represent an actinide metal ion and a
complexing anion respectively. It is likely that in the
eluates sufficient MX& may be present to be absorbed on
an anion exchange resin. When such species are equili-
brated with an anion exchange resin, the slight absorption
of MX&‘ mey shift the equilibrium in the aqueous phase
resulting in the formation of more and more MXﬂf until
finally an equilibrium is reached for MXA— between the
equeous and resin phases. Slight absorption of the

a~hydroxyisobutyrate complexes of Cm™2 and Cf+5 onto an
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anion exchange resin was noted by Holm (42).

In the present work, it has been shown that lactate
solutions of 1-5M concentration and at pH 2.5-10 and also the
d~hydroxyisobutyrate at 0.5 and 5.0M concentration at pH U4,
both fail to produce any measurable anionic products gTable
2.1). There is some absorption (about 0.5 mg/0.1g. r/ sin) when
the resin in the citrate form is equilibrated with acetate or
o~hydroxyisobutyrate complexes of americium at pH 3 and 4,res-
pectively. The absorption is so low, however, that only a dose
to the resin slurry of approximately 1-2 Mr/day can be achieved.

When americium is eluted from a cation exchange resin
by sodium oxalate solution, a clear solution of 3-5 mg/ml. is
obtained. Though at this stage, some of the americium might
be present as Am(0204)£ or Am(HCEOA); ions as reported by

(41) (z1)

Moskovin and Levedev , The americium is gradually pre-

cipitated as AmZ(CZOA) The precipitation favours the back

3
reaction (iv), which will proéeed until all the americium is
precipitated out. When this precipitate was dissolved in

10k HN03 and the resulting solution equilibrated with anion
exchange resin, no absorption of americium onto the resin was
observed. It can be concluded that americium is not téken up

by the anion exchange resin in the presence of lactate,

a~hydroxyisobutyrate or oxalate complexing ions. This may be
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because either no anionic species are formed, or if formed,
they are not taken up by the resin due to steric hindrance,
or are unable to displace the anion already on the resin
anionic groups.

High absorptions are noted with americium complexed
by thiocyanate, chloride and nitrate ions. Surls and

(30)

Choppin found Kd values for americium in 0.5, 2.0 and
L, oM NH, SCN solutions in the order of 20, 45 and 80 respec-
tively. The extrapolated values at 5M and 10M NHASCN would
be 115 and 315 respectively. In the present work, at 5M
NHASCN concentration, when pg quantities of americium are
used, the Kd values for americium are found to be in the
range of 150-230, the average being 190. The differences
may be attributed to the differences in acidity oxr may be
due to slight variation in the concentration of NHusCN solu-
tion. The Kd values determined by absorption of mg. quantities
of americium were found to be of the order of 200,

For the LiCl - Deacidite FF system at 19 and 20M LiC1,
Kd values of 92 and 132 respectively were found. Hulet(27)
obtained a Kd of 25 at 12M LiCl. The higher values observed

here are almost certainly due to the higher concentration of

Lici.
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The data published in the literature for Kd values

for LiNOB—anion exchange resin systems are contradictory.,
13) finds at 8M LiNO_ a Kd value of 90, but much lower

3
(3h, 35). In this

values (ms 20) have been observed by others

Marcus

work it has been found that decreases in H' concentrations
increase the Kd values. The change in Kd in the H" concen-
tration range 0.5 - 0.005 is not large (m 40-55), but values
up to 90 can be obtained if H concentration is reduced to
about 0.001M. (Table 2.2.).

From the foregoing it can be calculated that absorp-
tion of americium in the range of 50-100 mg/ge resin can
readily be affected and, on the basis of the Kd values reported
above, dose rates of 15-30 Mr/day can be attained. The
nitrate and thiocyanate systems were selected for all irrad-
iations where the dose arises from americium absorbed on the

anion exchange groups.
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CHAPTER 3.

DECOMPOSITION OF ANION EXCHANGE RESINS BY
ALPHA AND GAMMA RADIATIONS.

3.7. Introduction.

Previous work on the effects of radiation on ion ex-

(16,24)

change resins has indicated that for both cation and

anion exchange resins, alpha particles produce less damage
than an equivalent dose of gamma photons. This may be due to
one or more of the following : inherent differences in the
action of the different radiations on water and resin, the
proximity of the alpha emitters to the resin functional group,
the presence of a very heavy ion on the functional group or to

(43, 44)

the irradiation media. Some workers have claimed a

stability dependence on the anionic forms of the resin while

(45)

others have found no such effect. The effects of dose rate

has not been investigated thoroughly and the scanty data pub-
(L6,47)

lished in the literature is conflicting . Some workers
(44,48,49,50) expressed the views that degradation of anion
exchange resin may occur through the radicals produced in the

radiolysis of water.

This chapter is therefore devoted to irradiation of the
anion exchange resins under a variety of conditions designed to

attempt an understanding of the irradiation processes involved.
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The following are examined:

1. Effects of absorbed americium on the stability of the
anion exchange resins.,

2. Radiation stability of different anionic forms.

3. Lffects of hydrogen ion concentration on the stability
of anion exchange resins.

L, Effect of dose rate in radiation induced decomposition
of anion exchange resins.

5. Irradiation of dried resins.

3.2. BExperimental.

3.2.1. a-particle irradiations of 'Deacidite FF'.

3.2.1.1. Absorption of americium thiocyanate complex

on the anion exchange resin and its irradiation:

10-15 mg. of americium in approximately 0.1N HNO3 solu~
tion was equilibrated with about 0.1g. of Zeocarb-225 cation
exchanger in a centrifuge tube, for 10-15 minutes with occa-
sional stirring by a platinum wire. The supernatant solution
was removed and the resin was washed several times with distilled
water. Americium in the supernatant and washings was estimated.
The absorbed americium was then eluted from the resin by 3
batch-wise equilibrations, each with 1,0 ml. of 5Y4 NHASCN
solution. The small gquantity of americium left in the resin

was eluted separately by 5 ml. of 5M NHASCN and was estimated.
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The first 3 ml. of the eluate, containing most of the
americium as the thiocyanate complex,was then added to a
known quantity of anion exchange resin (ususlly 0.lg.) in
another centrifuge tube and equilibrated for 1 hour with
occasional stirring. The absorption of americium onto the
resin was observed by noting the difference in the counts
of the two phases as shown by a y~counter. The supernatant
was removed after centrifuging, made to a definite volume
and the americium was estimated. Thus the americium absorbed
in the anion exchange resin was knowne. The centrifuge fube
conteining the resin with absorbed americium wag stoppered
and left long enough for the resin system to attain t&e
required radiation dose.

Americium absorbed in the resin was separated at the
completion of irradiation by a water wash and subsequent
elution with 0.1F HO1 solutione The eluate and washings
were made up to a known volume and the americium content
estimated.

Dried SCN form of resin was also irradiated by
o~particles. Americium was absorbed in the resin by the
method described above. Excess NH4SCN solution was removed

by a methanol wash. The centrifuge tube containing the resin
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with absorbed americium was then placed under an infra-red
lamp, for slow evaporation of the alcohol. After the removal
of most of the alcohol, the resin was dried under the lamp
at 80° - 9OOC. for 1 hour. The centrifuge was then stoppered
and left long enough for the resin to attain the required
radiation dose.

3,2,1.2. Absorption of the nitrate complex of americium

on the anion exchange resin, estimation of

americium and irradiation of the resin.

10 mg. of americium was precipitated as the hydroxide
and washed several times with distilled water. It was then

dissolved in the minimum quantity of 5N HNO, added by a micro-

3
pipette. The solution was centrifuged and the clear solution
added to LiNO3 solution so as to make the total volume up to

1 ml. and the concentration of LiNOB to 8M.

The solution was equilibrated with about 0.70 g. of a
known weight of the nitrate form of resin (prepared by the
method described in 2.3. and dried at 80°C.), in a columm for
1 hour, with occasional stirring by a platinum wire. The
LiNO3 solutions containing unabsorbed americium was pumped

out, made to a definite volume and the americium was estimated.

The amount of americium absorbed in the resin was known from

the difference. In order to calculate the a-particle dose
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rate in the system, it was necessary to know the weight of
the LiNO3 solution left on the resin and this was determined
by the following experiment.

4 small glass column (7.5 cm. x 1.0 cm.) fitted with
sintered glass filter, a B10 stopper at the top and a small
stopcock at the bottom was dried and weighed. 0.1 g. of resin
was transferred to it and 1 ml. of 8M LiNO3 solution contain-
ing no americium was added and allowed to stand for 1 hour.
The LiNO3 solution was then pumped out. The wet resin and
the column were weighed. From the known weight of the wet
column, the weight of the wet resin was known and thus the

uptake of LiNO, solution per g. of resin was determined.

3
These columns were subsequently used for americium absorption
in the resin and as the irradiation vessels.

After americium absorption in the resin, the stopcock
at the bottom was closed and the top of the column was stop-
pered. It was then left in a lead beaker for the required
time.

The dose rate per day was calculated from the amount
of americium absorbed and weight of wet resin (Appendix 2.).

At the end of the irradiation period, the americium
was eluted from the resin by O.1N HCl. The eluate was made

up to 10 ml. and americium was re~estimated.
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3.2.1.3. o-particle irradiations of resins by using

americium solution.

Nitrate, chloride and sulphate forms of resins have been
irradiated by c-particles using americium solution in different
known acid concentrations and dose rates.

A solution of 35-40 mg. americium per ml. was prepared

amow) 2

by dissolving the/precipitate in a minimum quantity of approxi-
Y

mately 5M HNO The pH of the americium solution as tested by

3
pH paper using trace amounts of the solution was found to be
about 3.0. When a higher concentration of acid was required,
the calculated amount of the acid was added to the known
quantity of the americium.

The weight of the resin, the volume and concentration
of the americium solution were so adjusted that the resin was
Just soaked with the solution and the system received the
required alpha dose rate. 4 typical example of the resin
irradiation is given below. About 0.1g. chloride form of
resin was weighed in a dry centrifuge tube. Americium solution
of required concentration and acidity was prepared in another
centrifuge tube. After centrifuging the solution, 0.2 ml., of
clear americium solution containing 7-8 mg. americium was added
to the resin by using a micropipette. The resin soaked up the

americium solution and was left in the stoppered centrifuge
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tube until the required dose was reached.

At the end of irradiation, the americium and the basic
radiolytic products were separated from the resin by washing
with Ou1F HC1 and americium was estimated by alpha counting.
Americium was then precipitated as Am(OH)3 by addition of
conc. NaOH and separated by centrifuging. The radielytic
products in NaOH solution were steam distilled in a Zume hood
to make the distillate free of contamination. It was found
that the minute amine yield (C.01 -0.15 meq.) cannot be
quantitatively steam distilled and product loss may be up
to 50% of the total. 4 calibration curve for the amines
recovered by steam distillation against the known quantities
in the range of 0.01 toQ.l5 meq., has been used for calculating
the radiolytic product yield. (Appendix 4.).

32424 Cobalt-60 y-irradiations of Deacidite FF.

3e4242e1s Dosimetry.

The 800 curie cobalt~60 source was used for gamma
irradiation of anion exchange resins. The dose rate at the
irradiation position was determined using the Fricke dosimeter.
Since a bulb type irradiation vessel was used for irradiating
the resins, dosimetry has been carried out in the actual irrad-
iation vessel using ferrous sulphate solution of the same
volune as the swelled resin or the dried resin, as the case

denanded.
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Under the experimental condition (i.e. 13.5 cm. from
the source platform and in contact with the source guide)
a dose rate of 19.0 Mr/day was obtained. The dose rate in the
system is approximately the same as in HEO,as shown in the
appendix 3. . Care was taken in all experiments to repro-

duce exactly the conditions of dose rate calibration.

3.2e2.2. Irradiations.

During irradiations of resin slurries, gas bubbles
were formad and these were trapped within the resin bed. In
a tube of uniform 1 cm. diameter the resin bed was pushed up
the tube by the released gases and this caused uncertainty in
dosimetry. This difficulty was overcome by using a bulb type
irradiation vessel which consisted of a flat bottomed tube of
one cm. i.d., provided with a bulb of 1.5 cm., i.d. at about
1 em. from the bottom.

About 1.0 g. of dry resin was weighed into the irrad-
iation vessel, % ml. of distilled water or the solution as
required, was added and the resinslurry was irradiated at the
fixed position to receive a dose of 19.0 Mr/day. The gases
were observed as bubbles trapped between the resin particles after
doses of 20 - 30 Mr. The gases have been tapped ocut at

intervals of 2 days.



36.
When the resin was irradiated in absence of water,
the weight of the dry resin taken was approximately 2.0 g.,
in order that its volume corresponded to that of 1g. of resin
slurried in aqueous solutions.
y-irradiations have been carried out under the follow-

ing conditions:

Medium of irradiation Forms of Resin
5M NH, SCN SCN™ and La(SCN),
Water c1-, soz and POi
Acid solution €1~ and soz
Dried resin C17, SCN™

3.2.3. Conversion of Unirradiated resins to different forms.

Thiocyanate, nitrate and sulphate forms of resin have
been prepared from the chloride form of resin by the method
described in 2.2+3. The phosphate form was prepared by pass-

ing 4% HBPOQ solution through a bed of chloride form of resin

in a column until all the chloride ions were eluted. The

excess H POQ was removed by a methanol wash. The phosphate

3

form of the resin was dried overnight in an oven at 80°C.
The complete conversion of the chloride form of resin to the

thiocyanate form was confirmed by testing the eluate by the

(51)

bismuth oxychloride test and the conversion to other forms

by a AgNO3 test.
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The thiocyanate form resin was converted to La(SCN);
form by the following method.

About L0 g. of La(NO)B, 3 H,0 was dissolved in 100 ml.
of 5M NHMSCN solution to produce the lanthanum thiocyanate
complex.

La(N03)3 + b NH) SCH—3 NH: ELa(SCN)L:}- + 3 NHL*NOB.
The pinkish coloured solution was passed through a bed of 10 g.
of SCN™ resin in a column when La(SCN); ions gradually replaced
SCN™ ions on the resin. The equilibrium constant for the
reaction appeared to be rather small and the saturation of
the resin with the complex ion can be achieved only by use of
a large excess volume of the complex solution. The converted
resin was then washed with methanol until no lanthanum was
observed in the washing (oxalate test). The resin was dried
at 1O5OC. for 4-5 hours. A sample of the resulting resin was
treated with sodium sulphate solution to displace the anions
and the eluate was tested for presence of nitrate ions. None
were detected showing that due to the large excess of SCN  and
La(SCN)~ ions, there was no partial conversion to nitrate form
as might have been expected.

3.2.4. Analysis of the La(SCN); form of resin.

A sample of the dried resin was weighed, transferred

to a column and was eluted with d4il. HCL until all the
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the lanthanum has been removed from the resin. The eluate
was made up to a known volume and the lanthanum was estimated

(52)

by the oxalate method Finally, the resin was reconverted
to the SCN~ form by passing 4% NH,SCN solution. The resin was
washed free of adherent NHASCN solution, dried and weighed.

The capacity of the resin was then calculnted on the basis of

the dry weight of the thiocyanate form of the resin.

3.2.5. Capacity determination of unirradiated and

irradiated resins.

Strong base and weak base capacities of all the forms
of resins have been determined by the modified Fisher-Kunin
method(SB’Su).

The strong base groups of both the irradiated and
unirradiated resins have been converted to chloride form by
using 4% NaCl solution and the weak base groups have been
converted to the hydrochloride form by subsequently passing
L HC1 solution.

The HC1 solution was removed from the resin by
repeated washings with methanol. The complete conversion of
the sulphate and phosphate forms of the resin have been con-
firmed by barium chloride and ammonium phosphomolybdate tests

respectively. 80 ml. of 0.70% v/v of NH,OH solution was passed
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through a bed of 1-2 g. resin (dry weight) at a rate of
approximately 2 ml./minute . The resin was then washed free
of NHQOH solution with water. The elutate and the washings
were made up to 100 ml. and the chloride concentration esti-
mated by Volhard's method. This chloride arises from the
weak base chloride together with chloride from part of the
strong base groups hydrolysed by NHQOH and water.

100 ml. of 4% w/v Na,S0, solution was then passed
through the resin bed when all the remaining chloride ions
were eluted from the resin (AgNO3 test). The eluate contained
the strong base chloride ions and any strong base ions which
were formed by hydrolysis. 10 ml. aliquots of this solution
were used for chloride estimation and 50 ml. aliquots were
titrated against N/10 HC1l using methyl red indicators to
estimate the hydroxyl ion concentration.

The capacity was calculated as follows:

Measured weak base = Weak Base + part strong base

hydrolysed.
= X meqg/g.
OH in Na,80, eluate = Y meq/g.
.‘. Weak base corrected = (X-Y) meg/g.
Measured strong base in NaESOl+ = 2 meq/z.

eluate.
. + Corrected strong base

(Z+Y) meo/g.
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It may be noted that in the irradiations by a-particles,
0.1 g. of resin was used. During the capacity determination,
25 ml. volumes of NH40H and NaasOL‘L solutions were used at a

flow rate of 1 ml./minute.

3.2.6. Dstimation of amines and ammonia.

Tertiary amine in presence of secundary amine was

[
estimated by Dyers method (55) as developed by Streat znd
. (15,16) . s A
Natarajan « The cuiric dimethyl dithiocarbamate
(56)

method was employed for secondary amine while the primary

amine was estimated by coupling methylamine with p-nitrodiazonium

chloride(57). NH3 was estimated by indophencl method used by

Bolleter et al(58).

3.2,7. Swelling weights.

The swelling weights of the irradiated and unirradiated
resins in the sulphate form were measured by the method used

by Pepper et al<59).

3.2.8. Weight losses.

The initial weights of all the forms of resins were cal-
culated in the sulphate form, using conversion factors deter-
mined experimentally. After irradiation, the capacity measure-
ments were made and the resins chemically converted to the
sulphate form, dried at 10500. to a constant weight and thus

the % weight losses of resins were determined.
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3.3. Results and Discussion.

3.3.1. BEffect of absorbed americium on the radiation

stability of the anion exchanger.

In the previous chapter it was shown that the anion com-
plexes such as Am(SCN)A-, Am(NOB)é'and AmClZ could be absorbed on
Deacidite FF and that the distribution coefficients were sufficiently
high to enable the alpha-radiolysis of the resin to be conveniently
carried out by alpha-particles from the absorbed americium. It was
also of interest to study any possible stabilisation against radio-
lysis of the quaternary ammonium group by presence of an absorbed
heavy element.

The decomposition of the thiocyanate and nitrate forms of
resin by alpha-particles were therefore studied by absorbing ameri-
cium as Am(SCN)“fand Am(NOB)é'complexes on to the thiocyanate and
nitrate forms of resin respectively. A similar study was made by
Co-60 ¥-radiolysis of the La(SCN) L: form of the resin in a slurry
of 5M NHL+ SCN.

To distinguish the effect of americium absorbed on the resin
functional group from the effect of americium present in close prox-

imity to the group on the radiation stability of the resin, alpha-

3

regsin in americium solution under conditions such that americium

radiolysis of the NO, resin has also been studied by slurrying the

does not go onto the resin.
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Studiles of‘y-radiation induced decomposition of the thio-
cyanate form of resin slurried in 5HM NHASCN solution have also
been made to compare with Y-radiolysis of La(SCN)qf form of resin.

(a) Irradiation of thiocyanate resin by absorbed americium.

NHQSCN solution was reported to be readily decomposed by
(32, 33)

radiation to produce sulphur It was iherefore necessary

to establish that the decomposition of the NHQSCN in solution was
not sufficiently large to disturb the distribution of americium
between solution and resin. The yY~radiolysis of 5l NHqscN solution
showed that the yield of sulphur at 250 megarad was only 3.1% of

the total present. When americium is absorbed in the resin as the
Am(SCN)q- complex from 5M NHQSCN solution, most of the alpha-particle
energy is deposited on the resin and the decomposition of the solu-
tion is expected to be comparatively low. It can thus be assumed
that not more than 5% of the NHQSCN will be decomposed by a 500 Mr.
alpha-particle dose. Also the fact that the Kd value is of the
order of 200, a maximum change of 5% in tﬁe concentration of NHQSCN
is not likely to transfer an appreciable amount of americium complex
to the solution phase. It was found experimentally that between

160 to 500 Mr., the loss of americium complex from the resin phase

to the solution phase, due to the decomposition of NHQSCN, ranges

from 1-5%.
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Since the purpose of this work was to find the extent of
decomposition of the anion exchange resin by alpha-particles, the
possible effects of absorbed americium on the resin and to compare
the extent of degradation caused by y-rays under identical condi-
tions, an alpha dose rate of about 20 Mr. per day was considered
appropriate, because a maximum of 19-20 Mr/day of ?—dose could be
achieved from the Co-60 source.

Alpha-particle irradiation of the thiocyanate form of resin
slurried in 5M NH“SCN solution was carried out up to 570 Mr. The

(5h)

changes in capacities were estimated by the m~dified Fisher-Kunin

(53)

method. Throughout, the standard Fisher-Kunin results are
also tabulated, since much of the published work on the radiation
stability of anion exchange resin has been based on this method.
During the Fisher-Kunin method of estimation, hydrolysis of the
strong base occurs to an appreciable extent giving too high a weak
base capacity and too low a strong base capacity of the irradiated
resin.

As the alpha-particle dose was increased the strong base
capacity fell almost linearly up to 200 Mr., while the weak base
capacity continued to increase. In the region of 300-500 Mr., the

rate of loss of strong base capacity and rise of weak base capacity

were much decreased. (Table 3.71. and Fig.3.7.).



Table 3¢1 : Alpha particle irradiation of SCN~ form of resin slurried in 5M NHMSCN :
variation with dose of exchange capacities, yields of amines, swelling weights
and % loss in resin weights.

, Measured Capacity {Corrected (CH_)_N |(CH_),NH {CH_NH, [Swelling ¥ loss in
Dose . . . 33 %2 52 . .
N capacities correc—~ |[capacities weight. resin -
ir, . -
meq/g. tion meq/g. welight, =
Weak [Strong (a) Weak IStrong
base. | base. | meg/g. | base. jbase. meq/g.{ meg/g. | meg/g. g.HaO/g.
Nil 0.46 | 3.50 0.15 0.321] 3.65 Nil Nil Nil 0.81 Nil
60 0.95}| 2.80 0.35 0.60] 3.15 0.21 0.027 0.015 0.70 5.10
115 1.10| 2.32 0.40 0.70] 2.72 0.40 0.028 0.012 | 0.6% 9.30

158 146 1 1,41 0.59 0.871 2.00 0.45 0.099 0.011 - -

205 1.51] 1.65 0.42 1,091 2.07 |- 0.56 0.060 0.009 6.66 10.30
300 | 1.401 1.22 | 0.ho 1.10{ 1.72 | 0.70 0.074 | 0.03%2 - -

368 1.61{ 0.81 0.52 1.09] 1.33 0.84 0.163 0,054 6.57 19.40
570 | 1.11 | 0.96 | 0.20 0.91| 1.16 | 1.10 0.242 ] 0.080 | O.44 21,00

A1l capacities based on initial weights of dry resin in SCN~ form.

Dose rate of 20 Mr/day. _
7% of the strong base groups in Am(SCN)q form and

‘93% of the strong base groups in SCN~ form.
(a) Method of correction explained on page 3%9.
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These decreased rates could be a consequence of the falling con-
centration of the functional groups in the resin, as already at
210 Mr., 50% of the strong base groups and 27,5 of the total
capacity were lost and consequently an increasingly large part of
the energy would be dissipated in the polymer network without
breaking off amino groups.

Trimethyl amine was the major product of the radiolytic
decomposition of the strong base resin, obviously due to the scis=-
sion of C-N (CH3)3 bonds. The formation of weak base groups was
brought about by the scission of N - CH3 bonds. Thus the strong
base capacity loss was associated with the loss of complete func-
tional groups and conversion to weak base groups by loss of a CH3
group.

The trimethyl amine yield increased with increase of radia-
tion dose (Table 3.1., Fig.3.2.), but the rate was reduced in the
higher dose range presumably because the concentration of the qua-
ternary groups was reduced and secondary radiolytic decomposition
of trimethyl amine was greater due to its higher concentration.

The increasing;ﬁehiofdimethylamine.with increasing dose
(Fig.3.2.) was due to the decomposition of the weak base
functional group, (Fig.3.7.) and radiolytic decomposition of the

trimethyl amine (Fig.3.2.). The formation of dimethylamine by the
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decomposition of weak base functional group was supported by the
fall in weak base capacity of the resin in the higher dose range.

(17)

Creed observed that during the y-radiolysis of an anion exchange
resin in a flowing system, the secondary amine yield was depressed
in favour of trimethylamine. Therefore the formation of dimethyl-
amine does not arise entirely from the weak base decomposition,

but also secondary decomposition of the trimethylamine must contri-
bute.

Alpha~particle irradiation of the thiocyanate form of resin
in 5M NHQSCN solution caused decrease in the swelling weight with
increase of dose (Fig.3.71.). The loss of functional group alone
could cause some decrease, but the changes of swelling weight with
dose showed that besides the loss of functional groups, crosslinking
and possibly de-crosslinking were playing a part. Although func-
tional groups were being decomposed throughout the irradiation,
the swelling weight at first decreased and then remained unchanged and
finally continued to decrease with dose.

An anion resin such as Deacidite FF could lose more than

48% of its initial weight by complete loss of functional groups.

For example, the Cl~ form of Deacidite FF with 8% DVB as crosslinking

agent

CH CH

— CH 2

l
7

i; | ..LL..-CHZ
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contains repeating units having monofunctional groups. Taking
into account the 8% of DVB, the so-called molecular weight of
each unit is 208 and the loss of (CHE)BNCI'from each unit can
cause 42% lose in weight. - If the resin units are monofunctional,
then each g. of dry resin should have 4.5 meq. of functional
group and in fact this value was found experiientally. The irra-
diated resin, as expected, was found to lose weight as functional
groups were lost but the losses could not be accounted for
completely in this woy. It t-2refore appears that
dissolution of polymer network also takes place to some extent
in radiolysis of the anion exchange resin. The weight loss
increase is rapid up to %00 Mr. and subsequently the rate of loss
is considerably reduced. The initial higher rate of weight loss
was due to the higher rate of loss of functional groups and
solubility of radiolytic polymer fragments. At higher doses
the loss of functional groups and solubility decreases, as
expected, and it 1is also possible that less soluble radiolytic
volymer fragments are being produced.

In this set of alpha-particle irradiations, the resin was
essentially in thiocyanate form withm~7% as Am(SCN)hf form. Since
the latter groups represented only a small proportion of the total,

any effect the americium might have on the stability of the resin
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could not be seen directly. During alphamirraﬁiation loss of the
strong base capacity might be expect . tocausesome loss of americium
from the resin to the solution due to scission of
C-N+(CH3)3 Am(SCN)q- bond. But as the irradiation was carried out
in the presence of 5i NHASCN solution, the americium redistributed
itself between the solution and irradiated resin phase. Thus any

attempt to find the extent of C—N+R Am(SCN)qf bréakage, from the

3
release of americium from the resin to the solution

would be a failure.

(b) Irradiation of La(SCN). and SCN~ forms of resin by y-rays.

In order to compare the effect of a heavy anion complex on
the y-radiation stability of anion exchange resin, 50% of the
SCN™ capacity was converted to the La(SCN)u— form and the resin
was irradiated in a 5M NH,SCN slurry, using Co-60 y-rays. The
changes in total and strong base capacities of La(SCN)qf form of
resin up to a dose of 250 Mr. were somewnat less than those
observed for alpha-radiolysis of the thiocyanate form of resin.
above 250 Mr., both ¥y and alpha-radiolysis followed the same
pattern. Y -radiolysis caused 50% loss of the strong base capacity
and 37.5% loss of total capacity at 260 lr. (Fig.3.3.). Although
50% loss of the strong base capacity occurred almost at the same

dose by both alpha-particle and Y-rays, the essential difference



51
was that y-radiation caused comparatively more breakdown of

C-N'R. bonds (37.5%) and less of +N—CH3 groups (12.5%) whereas

>
alpha-particles caused 27.5% breakage C—N+R3 bonds and 23.5%
of *N-CH, bonds at the same dose. This is also evident from the

3

fact that the maximum rise in weak base capacity in the former
case was onlyO.45 meq/g. compared to 0.8 meq/g. in the latter.

The gamma radiolysis of thiocyanate form of resin has
been carried out under the same conditions as alpha radiolysis
of the resin and gamma radieslysis of the La(SCN)q_ form of resin,
i.e. in 5M NHASCN solution.

Fig.3.5. shows that the capacity losses due to y—irradiation
followed the same pattern as alpha-particle irradiation of the
resin. 50% of the strong base and 32.5 of the total capacities
were lost at 285 Mr. Here again, y -radiolysis of the SCN™ form
caused a higher ratio of C-NR3 : N-CH3 bond breakage. Table 3.6.
shows that alpha-radiolysis caused somewhat less total damage
than y-radiolysis of the same resin,

The trimethylamine yields increased with increase of
radiation doses in all cases. But at a fixed dose, say 300 Mr.
(Fig.3.2,, 3.4, 3.6) alpha-radiolysis of SCN  resin, y-radiolysis
of La(SCN); and SCN™ resins produced O.74%, 1.5 and 1.3 meq/g. of
trimethylamine respectively. This was again in agreement with
the conclusion drawn from capacity changes that alpha-particle

caused less scission of C<NR bond than )J—radiation.

3
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Table 3,2

: Gamma irradiation
slurried in 5M NH, SCN :

of La(SCN), form of resin
variation with dose of

exchange capacities, ylelds of amines, swelling weights -
and % loss in resin weights.

y

y Measured capacities } Capacity {[Corrected capa- (CH3)3N (CH3)2NH Swelling [ % loss in
Dose meq/g. correctior| cities. weight. | resin
M. Weak Strong ___meg/g. weights.
base. base. meq/g. Weak |Strong req/g. | meqg/g. g.Hao/g.
Jyase. {base.
Nil 0.87 3,13 0.4 i) 46 | 3.59 Nil Nil 0.82 Nil
R
2.35 1.48 1.35 0.61 2.87 1.96 1421 0.116 0.69 10.00
330 1.2k 0.71 0.43 D481 1.1 1.6k 0.160 0.53 13.85
500 1.16 0.51 0.26 7.90 | 0.77 1.82 0.196 0439 17.25

A1l capacities based on initial weights of dry resin in SCN™ form.
(a) Dose rate of 20 Mr/day.

(b) 50% of the strong base groups in La(SCN); form.




Table 3,3 : Gamma irradiation of SCN~ form of resin slurried in
5M NH, SCN : variation with dose of exchange capacities,
yields of amines, swelling weights and % loss in resin weights.

Measured Capacity Corrected (CHB%y'i(CHB)ZNH CHBNH2 Swelling { % loss in
Dose capacities. correction. | capacities i weights resin
Vg meg/g. meq/g. weights.
* | Weak iStrong Weak {Strong
base. | base. meq/g. base.| base. | meg/g.]{ meg/g. meq/g. g.HZO/g.
[OR——— 1
Nil 0.65 3.30 0.30 0.35 | 3.60 Nil Nil Nil 0.81 Nil
bz 1 0.8 | 2.86 0.39 0.43 | 3.25 0.31 1 0,02 0.009 - 5.80
100 0.93 | 2.k0 0.48 0.45 | 2.88 0.45 | 0404 0.008 | 0.51 10.10
141 1.0k | 2.1k 0. 41 0.63 | 2.55 0.72 | 0,07 0.009 { 0.56 10.60
295 | 1.31 | 1.16 0.30 1,01 | 1.46 | 1.27 | 0.13 0.021 | 0.53 13.60
505 1.69 t 0.83 0.36 1.33 | 1.19 1.14 0.12 0.023 OJhh 20430

Dose rate of 20 Mr/day.
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At 500 kr. the extent of N(CH3)3 production was low 1n all cases
due to lower concentration of functional groups. At higher
doses in Y-radiolysis there was in fact a nett destruction due
to the fact that the rate of production of N(CH3)3 was much slower
than the rate of disappearance due to secondary radiolysis,

The yield of (CH3>2NH also increased with increasing
radiation dose in all the three cases. The yields of dimethylamine
at 300 Mr. for alpha-radioclysis of thiocyanate form and Y-radiolysis
of La(SCN)u_ and thiocyanate forms are 0.10, 0.13 and O.14 meg/g.
respectively. The somewhat lower yield of dimethylamine in alpha-
radiolysis may be due to the smaller secondary decomposition of
trimethylamine by alpha-particles.

The irradiations of SCN~ form of resin in SM NHQSCN might
have been complicated by secondary decomposition of NHQSCN solu~
tion producing CN radicals. These complications can be avoided
by using a simpler system, e.g. resin irradiated with americium
solution in a dilute acid. But it was necessary to establish
whether #he extent of alpha-particle radiation damage was dependent
on whether or not the americium was absorbed on the resin.,

(¢) Irradiation of NOE resin by absorbed americium and by

americium solution.

The nitrate form of resin was irradiated with alpha-particles

by absorption of the nitrate complex of americium on the resin
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from 8M LiNo3 solution in 0.05M HNo3

resin with americium nitrate solution in OJIJEﬁHNOB. In both

and also by slurrying the

cases, the resin became darker with increase of alpha dose and
gas bubbles were formed within the resin slurries.

An examination of Fig.3.7. and 3.9. shows that alpha-
radiolyses of nitrate resin under the two circumstances mentioned
above degrade the resin in a similar manner. In the case of the
absorbed americium complex in the resin, 50% of the strong base
and 25% of the total capacities were lost at 600 Mr. and thus
scission of C—.‘I\'I(CHB)3 and ﬁ-—CH3 bond is equal in extent. The
alpha-particle irradiation with slurried americium solution
showed that 45% of the strong base and 30% of the total capacities
were degraded by 600 Mr. In this case, scission of C-I'\?(CHB)3 bond
proceeds at a higher rate than the scission of ﬁ—CH3 bond and
thus producing less weak base groups, This was also apparent in
the trimethylamine yields.

It was also noted that although the production of wezk
base capacityin the lsttercase was less than the absorbed americium-
resin system, the dimethylamine yield was higher. This showed
that dimethylamine was essentially the radiclytic decomposition
product of trimethylamine. TheGev8l®s for loss of total capa-
cities and production of weak base by the first 100 Mr. Var& due

to difference in the courses of reactions in the two cases, although

the -G strong base capacity were almost the same. (Table 3.6.).



Table 34

: Alpha particle irradiatioen

in 0.05N HNO
capacities, yiel
% loss in resin weights.

-

: variation with @
és of amines, swelling weights and

of NO_ form of resin

ése of exchange

leasured capacities ; Capacity| Corrected (cH ?5N (CH,).NH {Swelling | % loss in

Dose P 3 3°2 ) .
e meq/g. Correc—- | capacities weights. resin
Weak Strong tion. meg/g. weights.
base base meq/g Weak |Strong meq/g meq/g g.H,0/
) ’ ° | base. | base. ' ) 2/ B

Nit 0.27 3.82 0.22 0.05 | L.Ok Nil Nil 0.82 Nil
314 0.9 2.51 0.32 0.59 | 2.83 0,07 0.038 1.29 16450
470 1.4k 1.60 0.76 0.68 | 2.36 0.585 0.029 1.38 19.50
730 1.22 1.42 0. bk 0.78 | 1.85 1.16 0.060 1.46 23,00
925 | 1.38 1.00 0.5k 0.84 | 1.54 1.25 0.051 1.57 26.50
1258 1.63 0.56 oSt | 1.09 | 1,10 le 38 0.111 1.73 30400

Dose rate of 20 Mr/day.

7% of the strong base groups in Am(NO_)

93% of the strong base groups in NO_ T

)

I

L form and

009



Table 3¢5 : Alpha particle irradiation
variation with dose of exchange capacities, yields of amines, swelling

welghts and % loss in resin weights.

of NOE form of resin

in 0.O0O05N HNOz :

Measured Capacity | Corrected (CH,).N | (CH,)_ NH | Swelling |% loss in
. < 273 32 I .

Dose { capacities correc- capacities welights. resin
Mr, mea/g. tion meq/g. weights.

Weak IStrong Weak [Strong

base. |base. meq/g. | base.| base. meg/g. | meg/g. meq/g.
Nil 0.25] 3.88 0.19 0,06 | 4.07 Nil Nil 0.81 Nil
102 | 0.40} 3.30 0.24 0.16 | 3.54 0.26 | 0.03%0 1.08 8.0
184 0.541 2,96 0.36 0.18 | 3.22 0.52 0.03%6 1.00 10,0
303 1,22 2.b5 0.55 0.67 ] 3.00 0.72 0.043 1.25 16.5
386 1,041 1.99 |  0.58 0.46 | 2.57 0.83 | 0.072 1.28 19.0
505 1.55] 1.48 1.00 0.55 | 2.48 1.02 0.079 1430 20,0

Dose rate of 10 Mr/day.
Nitrate resin slurried with Am(NOB)B solution in approximateiy 0.00SN HNOB.

119



TABLE 3.6.

G-values for the decomposition of resins.

61(a).

. s -G 3B +G WB
igi?nof Radiation Dﬁie -G total | capa- cepe~
5 * |capacity. clty:~r£}§X£_4
SCN™ in alpha-particle 100 by 8.2 L,
SM NH,SCN. l 500 3,56 4,81 1.3
LaSCN”~
in 5M NH,SCN ¥ -ray 100 3.8 3 1.93
500 4,8 5.3 0.96
SCN™ y-ray 100 6.0 7.9 1.93
in SM NHASCN 500 2.9 4,9 1.93
NO% resin with |alpha-particle 100 2.2 L1 2.0
absorbed
americium come 500 2.1 345 Tolt
plex.
No; resin with lalpha-particle 100 2.7 L1 1.5
americium in
slurry 500 242 3.2 Te1
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At 500 Mr. resin decompesitions were the same, -G total
being almost twice the value of +GWB. It is found, there-
fore, that at higher doses, loss of strong base capacity
was the same whether americium wss absorbed on the resin
or merely present in the slurrying solution.

The changes in swelling weigl 5s of the irradiated
resins with increasing dose differed from those observed
in y and alpha-radiolysis of the SCN~ form of resin in
5M NHASCN in that the swelling weight increased rather than
decreased. At 1000 Mr., 42% of the total capacity and 65%
of strong base capacity were lost and some decrease in
swelling weight could normally be expected. The swelling
welght, however, was twice the original value, indicating
that decrosslinking is an important phenomenon during
alpha-irradiation. (Fig.3.11.).

It may be concluded that ¥ -radiolysis of the anion
exchange resin caused more damage than alpha-radiolysis.
Fixation of a heavy element as an anion complex, i.e.
La(SCN);, to the resin was found not to result in an
increased radiation stability. The differences in alpha-
radiolyses of (3CN)  and NO; forms could be due to the

additional complication of the presence of 5M NHqSCN solution

in the former case.
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3.3%.2., Radiation stabilities of the different

anionic forms of the resins.

In the previous section 3.3.7., radiolyses of the
nitrate and thiocyanate forms of the resins were discussed.
It was shown that satisfactory irradiations could be carried
out with the americium dissolved in the slurrying solution
and this method of o-radiolysis provides a method for
studying the relative stabilities of the different anionic
forms of resins and also a direct comparison with y-radiolysis
of the same forms of resin. This section is therefore con-
cerned with alpha and gamma radiation damage of different
anionic forms of resins; alpha particle irradiations of
chloride and sulphate forms being carried out by slurrying
the resin with americium solution in the appropriate acid
and gamma irradiations on chloride, sulphate and phosphate

forms in aqueous slurry.

Capacity changes:

(a) Alpha radiolysis of the chloride and the

sulphate forms of resins.

The capacity changes due to the alpha radiolysis of the
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chloride and sulphate forms of resins are givén (Tabie 367
and 3.8.). An examination of Figs;3;12. and 3.14, shows that
with increasing alpha fadiation dose, there is an increasing
loss of functional groups and conversion of strong base groups
to weak base groups. Thus the total capacity and the strong
base capacity decreased while the weak base capacity increased
with increase of dose. It can be seen (Fig.3.12.) that the
decomposition of the strong base groups of the chloride form of
resin is linear with alpha radiation dose at least up to 500 Mr.,
the total capacity however changes to a lesscr cxtent duc
to the contribution of weak hase groups at doses above *
about 2200 Mr. The strong base and the total capacities of the
sulphate form of the resin decreased exponentially with the
increasing dose (Fig.3.14.).

The chloride form of resin has lost 50% of the strong
base capacity and 36.5% of the total capacity at 465 Mr. Simi-
larly, at 500 Mr., the sulphate form of resin has lost 50% of
the strong base capacity and 35% of the total capacity. However,
it may be mentioned that the relative stabilities of the
different forms of resins cannot strictly be measured from the
dose required to bring about 50% of the strong base capacity

change of a resin, except when resins with the same initial
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concentration of the functional groups are used. Another way
of comparing the stabilities of the different forms of the
resins is to compare the G-values for decomposition of strong
base and total capacities and for production of weak base
capacities. In this work the resin stabilities are discussed
with reference to both the half value dose and to the G-values
at 100 Mr. and 500 Mr. doses. Table 3.12. shows that G-values
for loss of total capacity of the sulphate form of resin at
both 100 and 500 Mr. are less than those for the chloride form
of resin. This is possibly a consequence of the difference
in concentrations of the functional groups in the resin, i.e.
the total capacities of chloride and sulphate forms initially
are 4.55 and 3.35, respectively. It is also noted that in
the chloride form of resin, G-strong base capacity did not
change with increase of dose up to 500 Mr., although change
in G-total capacity were noted. This is because of the con-
siderable growth of weak base capacity in the chloride form
of resin. This substantial increase in weak base capacity
at high doses was not noted in the ¢-radiolysis of the sulphate
form of the resin. However, it may be noted that the alpha
radiolysis of the sulphate form of resin was carried out in
presence of 0.6N H2SOM while the chloride form in presence of
10“3NHCl. The effect of the hydrogen ion concentration will

be discussed in the next section.



Table 3.7 ¢ Alpha particle irradiation of chloride form of resin in approximately
10“3NH01 . variation with dose of exchange capacities, yields of amines, swelling weights
and % loss in resin weights.

Measured Capacity : Corrected (CH3)3N (CHB) MH !Swelling '% loss
Capacities Correc- Capacities %weights { in resin
D;se - meg/g. tion. neg/g. : i weights.
T+ TJeak iStrong Weak [Strong
base. | base. meq/g. | base.] base. meq/g. | meq/g. g.H2O/g
Nil 0.39 4,19 0.3 0.08 L, 50 Nil Nil 0.82 Nil
832 0.84 3.12 0.7h 0.10 3.86 0. 34 0.055 1.09 6.0
200 [ 1.36 |2.28 1.22 C.14 | 3.50 0.73 0.125 1.17 11.0
1 396 }0.82 2.33 .39 0.43 2.71 .23 0.182 1.30 19,0
Léz 1 1.30 1.73 0.77 0.53 | 2.50 1 38 0.200 1.3h 20.5
500 | 1.17 1.55 0.54 0.63 { 2.09 %50 0.230 1.52 23,0

Dose rate of 10 Mr/day.
Chloride form of resin slurried with AmCl. solution innﬂO_BN HC1.

3
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of sulphate form of resin in O.6NHZSOL+ :

Table 3,8 : Alpha particle irradiation
variation with dose of exchange capacities, yields of amines,
swelling weights and % loss in resin weights.
{
Measured CapacityCorrected (CHB)jN (CH,)ZNH CHZNH2 NH3 Total } Swslling {% loss
. cgpacities correc- {capacities 7 - vola- jweights | in resin
Dose . . .
s neoa/g. tion. neq/g. tile weights.,
T [Weak Strong Weak Strong base. |
basel base. | meg/g. basei‘base. meg/g. | meg/g. | meq/g {meq/ |mea/g.jgl,0/g
! ge
Nil 0.761 2,60 0.30 0.46 2.90 Nil Nil Nil Nil Wil 0.81 Nil
152 11.05] 1.74 0.48 0.57 | 2.22 0.42 0.08 0.027 |[Nil {0.h6 1.13 8.5
25k }1.101 1.%6 0.5 0.56] 1.90| 0.66 1 0.12 0.039 {Nil {0.72 1.12 14.0
335 |M.i1p .2k L o.so | o.62) 1.9k 0.85] 0.13 | 0,034 |wil |L.on | .00 15,0
385 11,05 1.22 0. Lk 0.62] 1.66] 0.89] 0.15 | 0.030 |Nil |L 88 0.94 16.0
505  [1.03 ] 1.12 0.30 0.731 1.h2 LOL | 0.4 0.050 Nil {1.2% 1.07 18.0

Dose rate of 20 Mr/day.
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It was mentioned above that the initial concentrations
of the strong base functional groups in the chloride and the
sulphate forms of resin are 4.5 and 2.90 respectively. The
lower strong base and higher weak base capacities relative to
those found in the chloride form of resin may be due to two
factors.

(i) During drying at 10500. overnight, the sulphate form of
resin possibly lost functional groups. In fact, in the washings
of the unirradiated sulphate form of resin 0.286 meg/g. of
trimethylamine was found. The corresponding amount of trimethyl-
amine from the chloride form of resin was about 0.02 meg/g. This
indicates that the sulphate form of resin is more unstable to=-
wards heat than the chloride form. Klaschka(62) however finds
that sulphate of the resin is more stable than the chloride form
when heated at higher temperature, i.e. 150°C. in presence of
water. This anomaly may be due to the presence or not of water.

(ii) The sulphate form of the resin may contain considerable
amounts of H SOQ' ions and this can change the capacity to a
congiderable extent. This is because the meq. capacity of each
form of the resin is measured in the same way but the éapacity is
related to the measured weight of the resin in the appropriate

salt form.For example, when resin inthechloride form of capacity
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4.5 meg/g. is converted to the SOM: form, the capacity would
theoretically be 4.2 meg/g., but if completely converted to HSO;
ingtead of the SO,*= form, the capacity would be 3.5 meg/g.
(M.W. of resin unit in SO,” form =pp4,, HSC,  form = 270,
Similarly,in conversion of the chloride form of the resin to
the phosphate form, the capacity would be a:most equal in both
cases, but if converted to H2P04_ or HPOLfs the capzcity would
be 3.5 or 4.2 meqg/g. The actual capacity found in the phosphate
form of resin is 3.50 meg/g. The sulphate and phosphate forms
of resins thus appear to be largely in Hsoq' and H2P04— forms
respectively. For convenience, however, this resin is referred

to as being in sulphate or phosphate forms.

(b) ¥Y-radiolyses of the chloride, sulphate and phosphate

forms of the resins

The capacity changes due toy -radiolyses of the three
different salt forms of the resins have been tabulated (Table
3.9., 3.10. and 3.11.). Figs. 3.16., 3.17. and 3.18. show the
strong base and the total capacity losses in all the three cases
follow the same pattern. The rates of capacity losses decreased
with increasing gamma radiation doses. Half the strong base
capacity losses in the chloride, sulphate and phosphate forms

occurred at 215, 165 and 200 Mr. respectively. The initial
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strong base capacities of the chloride and phosphate forms of
resins used for Y-radiolysis are the same, i.e. 3.5 meq/g., but
the sulphate form of resin has the initial strong base capacity
of 2.9 meq/g. The lower half life for the sulphate form (165 Mr.)
compared to the chloride and phosphate forms of resins (200 Mr.)
is obviously due to the initial strong base capacity difference,
for example, in the former case 1.45 meq/g. of strong base
capacity change is brought about by 165 Mr. while in the latter
cases, 1.75 meq/g. is brought about by 200 Mr. The G-decomposition
of the total and strong base capacities and G-production of weak
base capacities of the three salt forms of resins at the doses
of 100 Mr. and 500 Mr. are shown in Table 3.12. From these
results, it is clear that the three salt forms of resins, l.e.
in the chloride, sulphate and phosphate forms undergo tﬁe same
extent of decomposition per unit Y-dose. For example, the G-
decomposition of the strong base capacities at the first 100 Mr.
of Y-dose are 9.7, 9.2 and 9.2 for the chloride, sulphate and
phosphate forms respectively, demonstrating that the sﬁability
of these resins towards y-radiation is independent of the ionic
form. The alpha radiation induced decomposition of the chlofide,
sulphate and nitrate forms of resins have also desmonstrated the
same conclusion, G-decomposition of the strong base capacity at
the first 100 Mr. being 4.5, 4.7 and 4.1 for the chloride, sulphate

and nitrate forms respectively. (Table 3.12.and 3.6.).



Table 3.9 : Gamma irradiation of chloride form of resin slurried in water :
variaticn with dose of exchange capacities and ylelds of amines.
HMeasured { Capacity ICorrected Chloride (CH3)5N (CH3)2NH CH NH2
(Capacities correc~ icapacities in leach : 3
Dose . -
el meq/g. tion. mea/g. solution
* |Weak ! Strong ! . Weak Strong A
ibase.! base.{ meg/g. Ibase. base. meqg/g. meq/g. | mea/g. . meg/g.
Nil 50.59 3.40 0.23 0.36 3.63 Nil Nil Nil Nil
45 fo.6k | 2,91 1 0.20 0.4k | 3,11 0.40 0.k0 0.01 0.002
145 10.80 | 1.99 | 0.26 0.54 | 2.25 1.2k 1.09 0.07 0.006
i
220 10.80{ 1.72 0.20 0.60 | 1.92 1.49 1.27 0.12 04007
387 1.11 0.67 0.29 0.82 0.96 2.20 1.72 0.19 0.010
500 [1.121 0.56 | 0.27 0.84 | 0.83 2.22 1.85 0.31 0,012




Table 3,10:: Gamma irradiation of sulphate form of resin slurried in water :

variation with dose of exchange capacities, yields of amines,
swelling weight and % loss in resin weights.

|

; { i ,
iMeasured , Capacity jCorrected (CH3)3N (CHB)ENH Swelling | % loss
Do capacities gorrec- |capacities weights in resin
)Se meq/sg. tion. neg/g. weights.
Mr., 74 o
Weak iStrong Weak |Strong
base.§ base. meq/g. }base.| base. meg/g. | meq/g. g.Hao/g
Nil 0.76 2.60 0.30 O.h6 2.90 Nil Nil 0.81 Nil
100 |0.82 | 1.63 0,32 0.50 | 1.95 0.78 0.064 - -
150 {0.95 | 1.18 0.42 0.53 § 1.60 1.03 0.082 0.83 9.0
204 10.89 | 0.86 0«33 0.55 |[1.19 1.3 0.102 0.83 29.0
326 (1.04 | 0.29 0.41 0.63 1} 0.69 1.65 0.120 0.69 3,7
492  {0.79 |o0.17 0.10 0.69 |0.27 2.05 0.148 0.52 30.5

I8



Table 3,11 : Gamma irradiation of phosphate form of resin slurried in water
variation with dose of exchange capacities, yields of amines,
swelling weights and % loss in resin weights.

Measured Capacity |} Corrected i (CHB)BN (CH3)2NH Swelling | % loss
Dose capacities correc- capacities weights in resin
M meq/g. tion. meq/g. welghts.

* {Weak {Strong Weak [Strong

base. | base. meq/g. | base.] base. meg/g. meq/g. g.Hao/g

Nil 0.24 4;3'29 0.27 0.03 | 3%.50 Nil Nil 0.680 Nil
93 10.37 | 2.40 0.25 0.12 | 2.65 0.70 0.019 1.10 15,0

187 10.65 |} 1.59 0.25 O.41 § 1.84 1.20 0.069 1.09 24,5
255 10.64 | 1.26 0.30 0,34 | 1.56 1.52 0.082 1.04 3040
4kes 10.80 { 0.42 0.37 0.43 | 0.79 1.95 §10.130 0.71 370

28



Table 3,12 « G-values for the

83.

decomposition of resins.

Type of Form of | Dose | -G total| -G strong| + G weak +G(CH3)3N
Radiation resin Mr. | capacity base base
capacity.| capacity.
Cx-partlcle Chloride 100 4.2 LP.5O Oo 32 3'9
500 3.2 4.50 1.16 2.9
o-particle | Sulphate | 100 3.40 4,10 0.55 2.9
500 2.31 2.9 0.55 2.0
y -ray Chloride 100 8.7 9.7 0.93 745
500 b4 5.8 0.93 3.6
¥Y-ray Sulphate { 100 843 9.2 0.67 7.5
500 4,61 6.0 0.67 3.9
y-ray Phosphate| 100 A 9.2 1.6 7.5
500 5.61 5.4 0.84 2.9
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It may however be mentioned that the nitrate form of
resin was found to be unusually stable towards y—radiation(16).
The causes of the unusual stability of this exceptional case
are investigated and discussed in Chapter 4.

A study of radiation indﬁced decomposition of the salt
forms of resins has also shown that the resins are twice as
stable towards alpha radiation than gamma radiations, G-strong

base capacity decomposition being 4.1-4.5 and 9.2-9.7 respectively.

Basic Products

(a) Alpha radiolysis of the chloride and sulphate

forms of resins.

The yields of basic products due to alpha radiolysis of
the two salt forms are shown in Tables 3.7. and 3.8., and Figs.
3.13. and 3.15. With increasing alpha dose, the trimethylamine

3

yield from the chloride form of resin in ~10"“N HCl increases
more rapidly than the sulphate form of resin in 0.6N stoq.
Figs.3.1%. and 3.15. show that at 500 WMr. the trimethylamine
yield from the chloride form of resin is 1.5 meg/g., while from
the sulphate the yield is 1.0 meq/g. This may be attributed to
the lower concentration of the functional group present in the
sulphate form at higher doses. For example, at 500 Mr. the

strong base capacities retained in the chloride and sulphate

forms are 2.25 and 1.45 meq/g. respectively and at this stage
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in the latter case the energy absorbed becomes less effective
in splitting off functional groups. From the comparison of
G(CH3>3N for both the salt forms, (Table 3.12.) it can be seen
that the chloride form having a higher concentration of func-
tional groups than the sulphate form undergoes more rapid
decomposition at both the doses, i.e. 100 Mr. and 500 Mr. The
dimethylamine yield in the chloride form of resin is observed
to be higher than that in the sulphate form, the yields at 500
Mr. being 0.23 and 0.14 meq/g. respectively.

(b) y-radiolysis chloride, sulphate and phosphate

forms of resins.

In the Y-radiolysis of the chloride, sulphate and phos-
phate forms of resins in aqueous media, the trimethylamine is
found to be the major product and the yield increases with .
increasing y-dose, but at higher doses, the rate of production
of the amine is reduced. This has been observed in all the
three salt forms. Fig.3.19. shows that the secondary decomposi-
tion of the trimethylamine to dimethylamine cannot alome explain
the decreased yield of trimethylamine but it is rather a con-
sequence of the lower concentration of the functional groups
renziming 4n the resin at higher doses than at the initial. It

is interesting to note that yield is almost exactly the same in

all the three cases (Fig.3+19.) and(Table 3.12) and clearly
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demonstrates that the three éalt forms are of similar radiation
stability.

The dimethylamine is found to increase linearly with
increasing dose, in all the three forms of resins. The yield
from the chloride form of resin is slightly higher than the
sulphate and phosphate forms. It is also ncted that the sulphate
form of resin had initially a higher wesk basecapacity  (Cek5
meq/g.) and yet the dimethylamine produced in its radiolysis is
less than both the phosphate and chloride resins (Fig. 3.19.).
This again shows that dimethylamine is not only produced by the
decomposition of weak base groups but alse by the secondary
radiolytic decomposition of the trimethylamine. The dimethyl-
amine yield is very low compared to that of trimethylamine
(the ratio of trimethylamine to dimethylamine in phosphate and
sulphate is 20:1 and in chloride form 10:1). Thus at least
90-95% of the total capacity loss which is the sum effect due
to the removal of -N<CH3)3 and -N(CH3)2 from the resin, can be
accounted for by trimethidamine yield only.

Swelling weights

The swelling weights due %o the alpha radiolysis of the
resins increased with increasing radiation dose (Fig.3.22.).

The rate of increase in both the chloride and sulphate forms
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is the same up to about 175 Mr. Above this dose, the swelling
weight of the chloride form resin continues to increase while
it starts decreasing in the sulphate form.

The swelling weight due to Y-radiolysis of phosphate
form also increased with increasing radiation dose up to about
150 Mr. Above this dose it decreased with further increases in
dose. The Y-radiolysis of the sulphate form however showed that
the swelling weight remained unchanged up to about 250 Mr, and,
above this dose, it decreased.

The increase and decrease of swelling weights are known
to result from decrosslinking and crosslinking in the

(17)

resin polymer matrix. Creed by a diffusion study on the
irradiated resin has shown that the swelling weight decrease
is associated with an increase in crosslinking in the resin
polymer.

In general, it was observed in this work that alpha
radiation causes decrosslinking of the resin while in y-radiation,
crosslinking is more prominent. This is evidenced from alpha
radiolysis of the nitrate (Fig.3.11.), chloride and sulphate
forms (Fig.3.22.) and.y-radiolysis of sulphate and phosphate

forms (Fig.3%.22.). The rupture of C-N bonds in the resins

results in polymeric radicals which can react with each other
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to produce crosslinking in the resin. Kiseleva et al(qg) con-~
sider that decrosslinking in a resin occurs through reactions
of radiolytic H., .OH , NO2 etc. with polymeric radicals,
resulting in enhanced polarity and hence increased swelling
weights.

It is thus clear that the swelling weight changes is an
extremely complex function of the type of radiation, media,

ionic groups present, extent of the functional groups present etc.

Weight losses

The welight losses have been observed to increase with
the increase of both & and y-radiation doses. Figs. 3.20.1 to3.21.2.
8bow the - losses in weights expected from the removai of

N(CHB)EX- and CH, due to radiolysis and the experimenta’ values

3
found (X~ represents sn exchangesble anion).

It can be seen that for a given dose, y-radiation caused
a greater loss in weight than a-radiation, this difference being
brought about by the fact that G (~functional groups) was highest
in the case of Y-irradiation.

In all cases, the weight losses founc experimentally were
higher than those calculated (Figs.3.20. 1-32L2) Tris difference
may be attributed to the dissoiution of the polymer network. The
maximum dissolution of the polymer was found to be 5.0% of the
total weight, in the Y-dose range of 200-300 Mr. Above 300 Mr.

¥ -dose, the rate of weight loss has been considerably reduced.
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This was possibly due to reduced rate of deamination in this

dose range.

3

rate of deamination has not been reduced to a great extent

In c-particle radiolysis of C1~ and NO, resins, the
even at 500 Mr. and the weight losses in a~radiolysis of
the resins also followed this behaviour, the weight losses
continually increasing with increasing c~dose. The weight
losses in o-radiolysis of nitrate resin were founa to be
much higher than the calculated values. The dissolution
of polymers in this case was presumably enhanced by reactions
involving the radiolytic products of HNOB' i.e. NOZ’ NOE,
O2 etc.

In this sectidn, the ¢ and y-radiation-induced
decompositions of anion exchange resins and the stability
dependence of anionic forms have been discussed. All the
y-radiolyses have been carried out by slurrying the resin
in H20. a-particle radiolyses have been done by slurrying
the resin in americium solution in dilute acids. It was
suspected, however, that hydrogen ion concentration might

influence decomposition,
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3¢3.3. Effect of hydrogen ion concentration on the

radiation stability of an anion exchange resin.

Most of the data on the radiation-induced decomposition
of anion exchange resins relates to irraciations in neutral
agqueous media. The irradiaztion of anion exchange resins has

(24)

however bheen studied in 7M HNO, both by Ahrens and

3
Natarajan(16) and the latter observed considerable dissolution
of the resin at high doses under these conditions.

A more general study of the effect of hydregen ion on
the alpha and gamma irradiation of anion exchange resin was
considered important.

The alpha-particle irradiations of nitrate and chloride
forms of resin brought about by slurrying the resins in ameri-
cium solution of low acidity (~10™2N) have been reported in
sections 3.3.1. and 3.3.2. In these experiments the acidity
was kept to its minimum so that the a-particle irradiation
results could be compared with those ofy -irradiations in
neutral aqueous medium.

In the experiments described in this section, acid
concentrations of 0.5-0,.7N were utilised for both a- and ¥-

irradiations. It was believed that this concentration of

acid would be sufficiently high to observe the effects due
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to changing H' without introducing possible complications from
having the resin in contact with very strong acid. The irradia-
tions were carried out on Cl , NOB_ and SOH= salt forms of the

resin slurried with 0.5-0.7N solutions of the appropriate acids.

Capacity changes:

(a) Alpha radiolysis of chloride and nitrate forms of resin.

The results of the o-particle irradiationsof Cl~ form
of the resin in presence of C.7N HCl are shown in Table 3,13.
and Fig.3.23. and can be compared with those obtained in 10-3N
HC1 (Fig.3.12.). It is apparent that less decomposition occurs
at the higher acid concentration. 50% loss of strong base capa-
city is brought about at 675 Mr. compared with 465 Mr. required
in/v10—3N HCl. In the more acid solution, the % of strong base
converted to weak base is 10% at 675 Mr., compared with 13,5%
observed for the weaker acid at 465 Mr., The capacity changes
due to alpha radiolysis of the nitrate form of resin in 0.5N
HNO3 have been shown in Table 3.14. Fig.3.25. shows that 50%
of the strong base capacity is lost at 55C Mr. In section 3.3.71.,
Fig.3.9., it was shown that the same resin in n)10_3N HNO3 lost
only 45% of its strong base capacity even at the higher dose of
600 Mr, This shows that the decomposition of the nitrate resin

by alpha radiolysis is slightly enhanced by the increase in HNO3

concentration. Since it was observed that hydrogen ion protected



Table 3,13 : Alpha particle irradiation

of chloride form resin slurried in O.7N HC1 ;
variation with dose of exchange capacities, yields of amines, swelling weights
and % loss in resin weights.

Measured Capacity | Correccted (cH,)_N | (CH_)_NH | CH_NH NH_ [fotal | Swell- {%loss
s s 33 3z 32 ] A .

Dose | capacities correc—- capacities rola- ing in
Mr. meq/g. tion. meg/g. tile | weights | resin

Weak |Strong Weak [Strong base. welghts,

base. | base. meg/g. | base.| base. meg/g. | meq/g. |meg/g. |reg/g. heg/s. g.HEQ/g.
Nil | 0.52 k.10 0.45 0.07 k,55 Nil Nil Nil Nil | Nil 0.82 Nil
88 | 0.65 3,38 0.56 0.09 3.94 0.27 0.05 0.023 Nil | 0.k 1.15 5.0
184 | 0.78 3.32 0.50 0.28 3.82 O.46 0.10 0.027 Nil | 0.59 | 1.16 6.0
315 | 0.79 2.85 0.49 0.30 3.3% 0.65 0.15 0.0k Nil [ C.77 | 1.15 10.5
0 | 0.82 2.67 0.47 0.35 3.1k 0.77 0.18 0.052 Nil |{1.35] 1.1 10.0
505 | 0.81 2.38 0.41 0.40 2.79 0.80 0.20 0.045 Nil | 0.98 | 1.17 175

Dose rate 10 Mr/day.

Chloride resin slurried with AmCl

3

solution in O.7N HC1.

*00T



Table 3,14 Alpha particle irradiation of nitrate form of resin slurried
in O0.5N HNO_ : variation of excharre zapacities, ylelds of amines,
swelling weéghts and % loss in resin weights.

Measured Capacity | Corrected (CHB)BN (CHB)ENH Swelling | % loss in
D capacities Correc- Capacities weights resin
358 meg/g. tion. meq/g. welghts.
“Ts Teak |Strong Weak |Strong
base. | base. meq/g. base. | base. meq/g. meq/g. g.Hzo/g
Nil j0.26 | 3.79 0.21 0,05 | 4.00 Nil Nil 0.82 Nil
91 j0.48 | 3.26 0.26 0.22 | 3.53 0.2k 0.077 | 1.10 1745
200 0.7k | 2.80 0.29 0.45 | 3.09 O. Lk 0. 128 1.27 20.0
360 {1.54 | 2.26 0.52 1.02 | 2.78 0.78 0 115 1.31 21.0
428 {1.28 | 1.5k 0.54 0.7k | 2,08 0.2 0¢136 1.41 26.5
510 11.75 | 1.09 1.10 0.64 | 2.19 0.4% 0. 155 1.%7 2640

Dose rate of 10 Mr/day.

Nitrate resin slurried with Am(NOB)3 solution in 0.5N HNOB'

*T10T
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the chloride form of resin to some extent from radiolytic
decomposition, the enchanced decomposition of the nitrate form
of resin in presence of increased HNO3 concentration is possibly
due to secondary reactions inveolved with the radiolytic products
of the HNOB' The difference though small is also demonstrated
by the G-values for loss of strong base caps:ities and growth of
weak base capacities (Tables 3.17. and 3.6.). From the higher
G-value for weak base production in the presence of 0.5N HI\iO3
(GWB = 1.6 at 100 Mr.) compared with that in presence of 102N
HNO3 (GWB = 1.1 at 100 Mr.), it may also be concluded that the

radiolytic products of HNO, bring about scission of N-CH3 bonds,

3

thus producing increased weak base capacity in the resin.

(b) ¥Y-radiolysis of the chloride and sulphate forms of resins.

The capacity changes due to Y-radiolysis of the chloride
and sulphate forms of resins in 0.7N acids are given in Tables
2.15. and 3.16. and Figs.?.27. and 3.29. The chloride form loses
50% of the strong base capacity at 262 Mr. In the previous
section, it was shown that the same resin lost 50% of its
strong base capacity at 215 br., when irradiated in aqueous
slurry. The sulphate form of resin in O0.7N H2SO[1L loses 50%
strong base capacity at 187 Mr. In aqueous slurry, this resin

was found to lose 50% of the strong base capacity at 165 lir.
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Both these resins show that the presence of hydrogen ions results
in a lower rate of decomposition by Y-ray. Table 3.17. shows the
G-values for decomposition of total and strong base capacities
and the production of weak base capacities, and demonstrates
effects of hydrogen ion in reducing G-values (cf. Table 3.12.).

Basic Products

(a) a-radiolyses of the chloride and nitrate forms of resins.

The yields of the total volatile base, trimethylamine and
dimethylamine in the alpha radiolysis of the chloride in presence
of 0.7N HC1l increase with increasing radiation dose, but at higher
doses the rates of the production of amines are reduced to a small
extent (Fig.3.24.). The yields of trimethylamine and dimethylamine
due to alpha radiolysis of the nitrate form of resin in O.5N HNO3
increases in a similar manner as in thechloride form of resin.

A relatively greater yield of amine is found in the radiolysis

of the chloride form of resin, for example at 100 Mr. (Table 3.17.)
G-values of trimethylamine in chloride and nitrate forms are 2.9
and 2.5 respectively. At the same dose, the G-total volatile

base is also higher in the former than the latter, the values
being 3.7 and 2.9 respectively. This lower yield of the

amines for the nitrate form is expected since



Table 3.15: Gamma irradiation of chloride form of resin slurried in 0.7NHCL :
variation of exchange capacities, yields of amines, swelling weights
and % loss in resin weights.

Measured Capacity | Corrected (CH.)_N |(CH,).NH [Swelling % loss
\ ) Py 33 372 . .
capacities correc- | capacities weights. in
Dose mea/ . tion. meq/ge resin
Mr. Weak [Strong Weak |Strong weights.
base. | base. meq/g. | base.| base. meg/g. | meqg/g.
0 0.591 3.%0 0.25 0.34 | 3.55 Nil Nil 0.82 gil
95 0.781 2.48 0.27 0.51 | 2.75 0.70 0.045 0.81 1.5
205 0.831 1.74 0.23% 0.60 | 1.97 1.18 0.092 0.79 27.0
280 0.87 1.49 0.27 0.60 1.76 1.42 0.149 0.76 2L .0
L83 0.96| 0.87 0.22 0.74 | 1.09 1.97 0.180 0.60 30.0

80T



Table 3.16 Gamma irradiation of sulphate form of resin slurried in 0.6 NHE_,SO

variation of exchange capacities,

and loss in resin weights.

Y

yields of amines, swelling weights

Measured Capacity | Corrected (CH5)5N (CHB)ENH Swelling | % loss
D capacities correc- | capacities welghts in
;ie meg/s. tion. mea/g. resin
- Weak | Strong Weak |Strong weights.
base.| base. meq/g. | base.| base. meq/g.| meg/g. g.HEO/g,
nil 0.76 2.60 0.30 0.46 | 2.90 Nil MNil 0.82 Nil
67 0.68 2.0k 0.28 0.hbo | 2.32 0.45 0.0k 0.82 12,0
165 0.88 1.36 0.25 0.63 1.6 0.89 0.09 1.01 20.0
272 0.9% 0.91 0.21 0.72 | 1.1 1.29 0.12 0.92 25.5
380 1.03 0.49 0.24 0.79 | 0.73 1.49 0.20 0.67 25,0
]
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Table 3.17.

G -values

for

110.

decomposition of resins

in pregence of acids.

Form of resin |Radiation| Dose | -G total | -G Strong | 4G Weak |G(CEz)3H
capa~- base cape-| bese
city. city. capeelity.
Chloride in Aphe- 100 2.7 443 0.70 2.9
0.78 HC1 particle
500 2.7 363 0.70 1.6
Nitrate in Alpha- 100 2.6 5.1 2.0 2.5
0.5l HI\IO5 particle
500 2.7 3.7 1.% 1.7
Chloride in y-ray 100 6.5 7.9 1.8 5.7
0.7N HC1
500 4.1 4.8 0.82 3.9
Sulphate in y-ray 1C0 7.3 8.5 1.20 5.8
0.6 H2804
500 3.9 4.6 0.68 3.2
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11k,
considerably more scission of the N--CH3 bond occurred in this
case compared with the chloride form (GWB in nitrate form 1is
1.6 and GWB in chloride form is 0.70 at 100 Mr. Table 3.17.).
It was also observed that the yields of amines in a-radiolyses
for both forms were somewhat less than those expected from

capacity changes.

(b) y-radiolyeis of the chloride and sulphate forms of resins.

The yields of trimethylamine and dimethylamine in
Y-radiolysls of the chloride and sulphate forms of resins are
shown in Figs. 3.28. and 3.30. G(amines) decreased at higher
doses as a consequence of the presence of smaller amounts of
strong base groups present at such doses. The phenomenon was
also observed in the Y-radiolysis of these resins in neutral
aqueous media. Cver the whole dose range the amine yields are
smaller in acid (Table 3.15, 3.16.) than in neutral (Table 3.9.
and 3.10.) media,.confirming that the rate of Y -radiolysis of
these salt forms are reduced by hydrogen ions.

Swelling weights.

(a) Alpha radiolysks of the chloride and nitrate

forms of resins.

Alpha radiolysis of both forms of resins in acid media
resultge in continued decrosslinking as the radiation dose is

increased (Fig.3.32.). If the swelling weight changes due to
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a-radiolysis of the chloride form of resin under the two qondi-
tions, e.g. in presence of 0.7N HC1l and 10"2N HCL are compared
(Figse3.32. and 3.22.) it is observed that the decrosslinking
occurred at somewhat lower rates in the higher acid concentra-
tion. On the other hand, the a-radiolyses of nitrate form of
resin (Figs 3.11. and 3.32.) show that decrosslinking is slightly
greater in higher acid concentration. It seems that the decross-
linking of the resin is also a function of the HNO3 concentration
in the irradiation medium. The radiolytic decomposition products
of HNO3’ e.g. NOE’ could enhance the decrosslinking either by
secondary reactions or by addition to the radical sites on the
polymer preventing the formation of crosslinking(q9>.

(b) ¥-radiolysis of the chloride and sulphate forms

of resins in acid media.

The swelling weight changes due to Y-radiolyc..s of the two salt
forms in presence of acidsare shown in Fig.3.32. The swelling
weight changes of the sulphate form of resin in neutral agueous
medium were shown in Fig.3%.22. From comparison of these two
figures, it is noted that the sulphate form of resin in acid
medium undergoes decrosslinking up to about 175 Mr., while in
neutral aqueous medium, the swelling weights remains almost con-
stant up to this dose. However, at higher doses, resin is cross-

linked under both the cireumstances.
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Natarajan(16) observed that with the inc.easing ¥-dose
on the chloride resin in neutral aqueous medium, the crosslinking
is increased, but to a much smaller extent than the hydroxide
form. In this work, the swelling weight of the chloride form
of resin in 0.7N HCl remains almost constant up to 300 Mr.,
above which the crosslinking is observable. These results show
that the swelling weight changes are not only dependant on the
type of radiation or ionic form or concentration of the func-
tional groups left, but also to a small extent on the presence
of hydrogen ions. It is also noted that HNO3 causes decross-

linking of the resin as the dose is increased. It is mainly

for this reason that a resin is greatly decrosslinked when
(16)
3 .

The swelling weight change is therefore considered to

irradiated in 7N HNO

be a complex functionof thevaricus factors discussed above.

Weight losses.

Weight losses found after irradiations and weight losses
calculated due to the capacity changes are plotted for alpha
radiolyses of the chloride and nitrate forms of resins and
¥-radiolyses of the chloride and sulphate forms of resins in
presence of the respective acids (Fig.3.31.1-4). The major
proportions of the weight losses are obviously due to the loss

of functional groups. On comparison with Figs.3.20.1-~3.21.2 it
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is noted that the differences between the losses found and
losses calculated are higher for acid medium than neutral
medium, implying that polymer dissolution is more extensive
in the former than the latter. It is interesting to note that
alpha radiolysis of the nitrate resin both in 0.5N and in
r»10—3N HNOB, results in greater weight loss than that found
in alpha radiolysis of the chloride resin in 0.7N HCl. Also,
the nitrate resin loses more weight when irradiated in higher
acid concentration. This increased loss in weight may be
explained by the gnhanced dissolution of the polymer matrix

caused by radiolytic decomposition products of HNO The

3
maximum dissolution of the polymer matrix,in the dose range
studied, is found to be 10% of the initial weight of the resin
when subjected to Y-radiation in presence of O.7N acid. The
maximum dissolution of the polymer in alpha radiolysis of the

nitrate resin in 0O.5N HNO., is found to be 15% of the initial

3

weight of the resin.

2.3%.4. Effects of alpha particle dose rate on the

decomposition of anion exchange resins.

In the previous section, the alpha-particle irradiation
of C1” resin in O.7N HCl, at a dose rate of 10 Mr. per day, has
been discussed. Irradiation of the same resin under similar

conditions at a dose rate of 20 Mr/day have been carried out
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up to 700 Mr. The variation of capacity with dose rates is
shown in Fig.3.23. It is thus clear that varying the a-dose
rate by a factor of 2 does not bring about any significant
change in the rate of decomposition.

Alpha-particle irradiation of nitrate resin in approxi-

mately 107

N HNO3 at a dose rate of 30 Mr/day have been carried
out up to 2100 Mr. (Table 3.19.). The changes in total, strong
base and weak base capacities (Fig.3.23.) may be compared with
the results of the a-radiolysis of the same resin under the
same condition, but at a dose rate of 10 Mr/day. Degradation
studies at 30 Mr/day showed that at 650 Mr. 50% of the strong base
and 24,5% of the total capacities were lost, while the weak
base capacity increased to 25.5% of the total capacity.

Previously it has been shown (Fig.3.9.) that the resin
under similar conditions but at a dose rate of 10 Mr/day, lost
45% of strong base capacity at 600 Mr., Apart from an increase
in the proportion of weak base capacity produced at the higher
dose rate, there was no noticeable difference between the two
cases.

Since by varying the dose rate by factors of 2 and 3
could not distinguish any observable dose rate effect, the

sulphate resin in 0.7N H2304 was irradiated by a-particles at

a dose-rate of 1.0 Mr/day (previous irradiations having been

carried out at 20 Mr/day). The changes in capacities with
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variation of total dose were measured. Fig.3.35. shows that
50% of the strong base capacity and 34.5% of total capacity
were lost at 230 Mr. while the weak base capcity was increased
to 15% of the total. It was found that the same resin in O.7N
HBSO)+ at a dose rate of 20 Mr/day lost 50% strong base and 35%
total capacity at 500 Mr., while increase in weak base was 15%
of the total, showing that the rate of degradation of the resin
was doubled, when the a-dose rate was reduced by a factor of
20. The Table 3.21. shows G-values at 100 Mr. and 500 Mr. for

3 resins and at 100 and 250 Mr. for

the SOL1L form of the resin. Comparing the G-values in alpha-

decomposition of Cl~ and NO
radiolysis of so; resin at 20 Mr/day (Table 3.12.) it can
clearly be seen that the rate of decomposition at the lower
dose rate was much higher.

Basic Products.

The amine yields from the C1~ form of the resin were
observed to be the same at both 10 and 20 Mr. per day.

The increases of amine yields with increasing dose at
dose rates of 10 and 230 Mr. per day in the irradiated nitrate
resin followed the same pattern with the exception that G(CH3)3N
at the higher dose rate was initially slightly less than at the

lower dose rate (G = 2.4).



Table 3.18: Alpha particle irradiation

of chloride form of resin slurried

in O0.2N HCl : variation with dose of exchange capacities, yields of
amines, swelling weights and % loss in resin weights.
Measured Capacity | Corrected (CHB)BN (CH3)2NH CHBNH2 Total Pwell- % loss
Dose | capacities correc- | capacities vola~- ling in
Mr. meq/g. tion. meq/g. tile [weights | resin
Weak [Strong Weak |Strong base | weights
base. | base. meq/g. | base.| base. | meqg/g.| meg/g. |meq/s. meq/g.g;Hao/g
Nil {0.52 | 4.10 0.45 0.7 | 4.55 Nil Nil Nil Nil C.82 Nil
105 | 0.80 | 3.38 0.68 0.11 | 4.06 0.21. 0.07 0.014 {o.42 1.05 6.0
202 }0.86 | 3.11 0.60 0.26 | 3.71 0.52 0.10 0.018 | 0.61 1.10 9.5
266 | 0.74 | 3.00 0.48 0.26 | 3.48 0.57 0.15 0.020 | 0.69 1.09 3.0
473 10.92 ]2.58 0.50 O.42 | 3.08 0.75 0.18 0.037 }0.93 1.09 1145
695 |0.99 | 1.77 0.43 0.56 | 2.20 0.86 0.22 0.070 t1.10 0.99 12.0

Dose rate of 20 Mr/day.
Chloride resin slurried with AmCl

3

solution in 0.7N HC1.

*¢cT.



Table 3.19.: Alphs particle irradiation of nitrate form of resin slurried
: variation with dose of exchange
capacities, yields of amines, swelling weights and % loss in

approximately 10™°N HNO3

in

resin weights,.

Measu?eg Capacity Corre9t?d (CHE)BN (CH3)2NH Swe}ling %'loss
Nose capacities correc- capacities weights in
br. WeZEQ/g;ron e WeZiq/géron zzititr
base. base% meg/g. |base. base% meq/g. meq/z. g'HZO/g' R
0 0.26 3.79 | - 0.21 }(0.05 4.00 Nil Nil 0.82 Nil
89 0.56 3.10 0.48 10.09 3.58 0.17 0.016 1.4 3.0
256 0.89 2.78 0.59 |0.30 3.37 0.k 0.028 0.97 14.0
015 1.26 1.98 0.60 0.66 2.56 0.86 0.0bLL 1420 18.0
Lzo 1.22 2.48 0.64 10.58 3.12 0.76 0.048 1.08 17.0
740 1.37 1.04 0.75 [0.62 1.79 1.10 0.114 1.26 18.0
*1280 1.79 0.53 0.56 (1.23 1.09 1.35 0.175 1.44 2%0.0
*2100 1.50 Nil 0.%22 |[1.18 0.32 1.28 0.280 1.36 40.0
Dose rate 30 Mr/day.
Witeate resin slurried with Am(NOz), solution in ~107ON O, .

*10% of strong base groups in Am(NO )" form.
90% of the strong base groups in N 3 form.,

el



Table 3%,20: Alpha particle irradiation

slurried in Q.6N Hp

of sulphate form of resin
! variation with dose of exchange capacities,

yields of amines, swelling weights and % loss in resin weights.

Measured ! Capacity | Corrected (CHB)BN (CH3)2NH Swelling | % loss
Dose capacities correc- | capacities weights| din
ﬁr mea/g. tion. mea/g. resin
" 1 Weak |Strong Weak |Ctrong weights.
base.| base. meqg/g. | base.| base. neq/g. | meq/g. g.HZO/gh
0 0.76 | 2.60 0.30 0.46 | 2.90 Nil Nil 0.82 Nil
32 1.98 | 1.16 1.39 0.58 | 2.55 0.10 0.029 1.00 9.0
71 1.94 | 1.02 1.28 0.66 | 2.30 0.27 0.036 1.13 10,0
115 0.96 | 1.67 0.46 0.50 | 2.07 0.40 0.087 1.00 12.0
145 1.47 | 0.9k 0.68 0.80 | 1.62 0. Lk 0.120 1.4o 20.5
228 1.39 | 1.00 0.56 0.84 | 1.56 0.40 0.19L 1.25 21,0

Dose rate of 1.0 Mr/day.
Sulphate resin slurried with Amz(soh)

3

solution in 0.6N H_SO,.

277k

*42t
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Table 3,21. G-values for decomposition of resino
Form c~-particle |Dose |-G
of dose rate | Mr. {Total|-GSB |+GWB G(CH3>3N
; A 34 capa- capa-]capa-
Resin [Acidity. | lir/day. ikl ostres =
c1” O0.7N HCY 20 100 [2.7 (4.3 |0.70{ 2.9
500 (2.7 3.3 (0,70 1.6
No,~ | 10”7 30 100 [2.9 5.0 |1.6 2.4
)
HNO3
500 (2.5 [3.8 1.3 1.7
sou= 0.7N 1.0 100 |6.75 18.0 2.9 3.6
H2804
250 (2.3 |2.9 |0.83] 1.5
|
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As the dose rate variations in alpha radiolyses of both
chloride and nitrate forms of resin were small (factor of 2 and 3),
the variations in the yields of products were small and it was
difficult to distinguish any dose rate effect. Alpha radio-
lysis of the sulphate form of resin at a dose rate of 1 Iir/day,
" however, shows considerably higher ylelds of both trimethyl-
and dimethylamine (Fig.3.36) compared with those at a dose
rate of 20 Mr/day. (Fig.3.15J.

Plots of trimethylamine and the sum of trimethyl and
dimethylamine against dose show that the yield of basic pro-
ducts increased with increasing dose. G(CHB)BN at 100 Mr.
dose was found to be 3.6, which was considerably higher than
that found at 20 Mr. per day (2.9). (Tables 3.21. and 3.12.).
It was also observed.that above 150 Mr., there is a nett
destruction of trimethylamine resulting in an increased
production of dimethylamine when a lower dose, i.e. 1 Mr/day
was employed. This shows that the secondary decomposition of

the trimethylamine is also enhanced by a lower dose rate.

Swelling weights

Changes in swelling weights of chloride, nitrate and
sulphate forms of resins at dose rates of 20, 30 and 1 Mr/day

respectively are plotted in Fig.3.37. The swelling weight changes of
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these resinsat other dose rates are given in Figs. 3.32,
%.11. and 3.22. respectively. It is observed that the
decrosslinking rate is slightly reduced at higher dose rates. At a
very low dose rate (in soq= resin irradiation at 1 Mr.) decross-
linking appears to occur to a greater extent.

It may thus be concluded that from changes in cepacities,
amine yields and swelling weights en effect of dose rate
was clearly observed in the a-radiolysis of the sulphate form
of resin, when the dose rate was varied by a factor of 20.

The rate of decomposition was highest at the lowest dose rates.

3.3.5. Radiation-induced decomposition of dried regins.

The effects on resin stability, of absorhed heavy ions,
different counter ions, acidity and dose rate have now been
discussed. It was considered that radiation stability is also
likely to depend on whether or not water is present during
irradiation. For this purpose, alpha-particle irradiation
of dried thiocyanate and Y-irradiations of thiocyanate (Table 3.22)
and chloride resins have been carried out.

Capacity changes

(a) Alpha radiolysis of dry thiocyanate resin.

The capacity changes and product yields of alpha radio-
lysis of the dried thiocyanate form of resin with absorbed

americium are given in Table 3.22. TFig.3.38. shows that S50%



Table 3,22 : Alpha particle irradiation of dried thiocyanate form of resin :

variation with dose of exchange capacities, yields of amines

and swelling weights.

Measured Capacity Corrected (cH_)_N | (CH,)_ NH | CH_NH Swelling
ca it iti 35 32 32 ight
Dose pacities correc- capacities welghts.
M meq/g. tion. meq/g.
e Weak |[Strong Weak |Strong
base. { base. mea/g. base.{ base.| meqg/g. meq/g. | meg/g. g.HZO/g.
@] 0.46 3f50 0.15 0.31 3.65 Nil Nil Nil 0.82
95 0.20 2,31 0.30 0,60 2,81 0.°30 0,06 - 070
215 1.00 2.16 0430 0.70 2.46 0.58 0.13 0.08 0.68
LLo 1.29 1.20 0.47 0.83 1.67 0.90 0.21 0.08 0.69
600 1.33 | 0.79 0.46 0.87 | 1.25 1.12 0.23 0.07 0.75
790 1.00 | 0.65 0.36 0.64 1.01 1.2% .27 0.07 0. 48

5% of the strong base groups in Am(SCNu)- form.

95% of the strong base groups in SCN~ form.

heT
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of the strong bvase is lost at 375 Mr. At this dose the
total capacity loss of the resin is 35% and theie is an
increase in weak base capacity equal to 12% of the total
capacity. With the same resin slurried in oM NH4SCN, alpha
radiolysis produced & similar percentage strong base capa-
city loss at the lower dose of 250 Mr. (F.g.3.1.). Figs.
3.1. and 3.38 also show that the gain in weak base capacity
was greater for wet resin.

The total capacity changes in both wet and dried
resin are almost the same; 50 of the total capacities
being lost at 600 and 650 Mr. respectively. These results
indicete that the wet resin is more unstable than the dry
resin, as far as strong base groups are concerned.

(b) Y-radiolysis of dry thiocyanste resin.

Y -radiolysis of the dried thiocyanate form of resin
shows that 50% of the strong base capacity is lost at 375
Mr. In section 3.3.1l., Fig.3.5., it was shown that the wet
thiocyanate resin lost 50% strong base capacity at 250 Mr.
These show that the resin is more staeble in the absence of
water. It is also observed that in wet resin, the growth

in weak base capacity is greater than in the dry resin.
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(c) Y-radiolysis of the dried chloride form of resin.

Table 3.24. and Fig.3.42. show the results of the

- ¥~-radiolysis of the dried chloride form of resin. The resin
in absence of water loses 50% of its strong base capacity at
365 Mr. This is compareble withy - and alpha radiolysis of
the thiocyanate forn of resin. The slurried chloride form
of resin lost 50% of strong base capacity at 215 Mr. (Fig.3.16)
showing that a resin is more stable in absence of water.
Table 3.25. shows the G-values of the capacity changes at
100 and 500 Mr. indicating the rates of decomposition at
initial and higher doses. It was noted that these dried
resins contained about 6-755 EZO and it is likely that this
water content may have brought sbout the slightly higher
G~values of the capacity changes than those expected from
absolutely dry resin. However, the effects of the variable
water content in the radiolyses of wresins have been more
extensively investigated and are reported in the next chapter.

Bagic Products.

Fig.3.39. shows the increase of trimethylamine with
increasing alpha dose up to 800 Mr. Dimethylamine is produced
at a considerably high rate up to sabout 200 lMr., above which

the rate of production is reduced presumebly because of its

part decomposition to monomethylamine. It may be noted that



Table 3.23%: Gamma irradiation of dried thiocyanate form of resin :
variation with dose of exchange capacities, yields of

amines and swelling weights,

Measured Capacity| Corrected (CH,)_N | (CH.).NH Swelligé-—
capacities correc—-| capacities >3 >e weights.
Dose meq/g. tion. meq/g.
Mr. Weak | Strong Weak | Strong
base.| base.| mea/g. base.| base. meq/g. | meg/s. g.H,0/8.
0 0.58 | 3.33 0.22 0.36 | 3.55 Nil Nil 0.82
145 0.57 2.43% 0.17 0.40 2.60 0.59 0.029 073
220 0.8% | 2.10 0.30 0.53 | 2.40 0.78 0,030 Oo'7h
350 0.67 | 1.65 0.16 0.51 | 1.81 1.10 0.035 0470
450 0.70 | 1.35 0.18 0.52 | 1.53 1.20 0.036 0.65
570 0.70 | 1.33% 0.17 0.53% | 1.50 1.28 0.0%6 0.60

*6CL



Table 3,2): Gamma irradiation of dried chloride form of resin :
variation with dose of exchange cavacities, yields of amines,
swelling weights and % loss in resin weights.

Measured Capacity | Corrected (CHB)BN (CHB)ENH Swelling | % loss
Dos capacities correc- | capacities weights. in
I?I;e mea/g. tion. meq/g. resin
" | Weak |[Strong Weak |Strong weights.
base.| base. meq/g. base.| base. meq/g. | meq/g. g.HEO/g.
0] 0.50 2.L5 0.15 0.35 2.60 Nil Nil 0.82 Nil
95 0.66 | 2.80 0.21 0.45 | 2.01 0.43 0.07 0.79 145
170 0.70 2.43 0.18 0.52 2.61 0.67 0.15 0.79 2.0
284 0.77 | 1.88 0.27 0.51 | 2.14 1.03 0.23 0.78 12,0
L3 0.77 | 1.22 0.18 0.59 | 1.49 1.43 0e33 0.70 1540

‘ot



141.

Table 3.27. G values for decompesition of dried resins.
Resin. lIbse -G Total. |-G(strong base){+G(weak base) G(CHB).)N
Mr.
Thic~yanate | 100 3.8 5.5 1.9 2.9
fomm
a-radiolysis | 500 3.0 3.8 1.0 2.0
Thiocyanate | 100 4.6 4.9 0.30 b1
form
Y -rediolysig 500 3.7 3.8 0.30 2.8
Chloride 100 4.8 5.8 0.96 Lo
form
y -radiol ysis | 500 3.8 4,2 0434 2.8

4
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the ratio of dimethylamine to trimethylamine is higher than
that found in alpha particle irradiations of slurried resin.
Since the weak base production in dried resin was found to be
less than that in wet resin, the dimethylamine yield should
have been also less in the former. It thus indicates that
most of the dimethylamine in dry state possibly resulted from
trimethylamine decomposition and it is not understood why the
trimethylamine decomposition by alpha particle was greater in
absence of water.

(b) Y-radiolysis of dry thiocyanate and chloride

forms of regins.

The yield of trimethylamine with increasing y-dose on
dry thiocyanate form of resin is shown in Fige3.41. The
dimethylamine yield dis found to be much less than that in
the alpha radiolysis of the dry resin. It has already been
noted that in y-radiolysis, the weak bage production is lower
than in wet resin and consequently the contribution of dimethyl-
amine from weak base radiolysis is also low. It also appeared
thet Y-radiolysis of the dried resin essentially decomposed
the sbtrong base functimel groups to produce trimethylamine.

The yields of trimethyl- and dimethylamines in

Y-radiolysis of dried chloride resins are shown in Fig.3.43.
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The amine yields arec found to be much lower in the dry resin
than the wet resin (Fig.3.19.) . For example, the sums of
the trimethyl- and dimethylamine yields in dried and slurried
chloride forms of resins atl001lir. are 0.5 meq/g. and 0.85
meq/g. regpectively. It isg thus clear from both capacity
changes and product yields that a resin is more unstable in
presence of water than when dry.

Swelling Weights.

Changes in swelling weights are shown in Fig.3.44. for
alpha radiolysis of the dried thiocyanate and y-radiolysis of
the dried thiocyanate and chloride forms of resins. The
swelling weight changes in alpha radiolyses of the thiocyanate
form of resin were found to be similar in both dry and wet
conditions and indicate an increase in crosslinking as irrad-
iation proceeds. Crosslinking appears to occur at slower rate
in the dry resin (cf. Fig.3.11.).

The dried chloride form shows a: decrease in swelling
weight with increasing $-radiation dose. Ixamination of Fig.
3¢44. shows that the rate of decrease in swelling weight is very
small and it is likely that 1little crosslinking oceurs in
the dry resin; the slight fall being mainly due to loss in func-
tional groups which results in less water of hydration in the

irrasdiated resin.
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CHAPTER k.

DIRECT AND INDIRECT EFFECTS CF

Y-RADIATION UPON ANION EXCHANGE RESINS.

L.1. Introduction.

(15-24, 43-50)

Published data on the radiation induced
decomposition of ion exchange resins are often conflicting
and their interpretation is difficult due to lack of know-
ledge of the mechanisms involved. Nater(ué) and Natarajan(ﬂg
concluded that direct absorption of energy excites the
valence electron system in an anion exchange resin resulting
in the rupture of C-N bonds. Several workers(qq’ 48, 49, 50)
however indicated that decomposition may occur through radi-
cals produced by radiolysis of water. Similar conflicting
views in radiation-induced decomposition of cation exchange

(20)

resins are prevailing. Posek et al congider that func-
tional groups break down by direct absorption of energy,
while Natarajan(16) suggests that indirect action is possibly
responsible for the decomposition of cation exchange resin
functional groups. Rahman and Clay(60) have made a study of
the reaction mechanism involved and explain the radiation-

induced decomposition of cation exchange resins by means of

WOH radical reactions,
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In this work, it has been demonstrated (Section 3e3.7.
to 3.3.5.) that degradation of the anion exchange resins by
Yy-radiolysis is higher than that caused by alpha radiolysis
when the resin is subjected to the same dose. In alpha radio-
lysis, indirect action can play comparatively little part in
the decomposition due to radical-radical reactions along the
radiation track and the major portion of the decomposition
may be due to direct action. On the other hand,)z—radiolysis
may cause the decomposition of anion exchange resins both by
direct and indirect actions and it is possibly due to this
that the degradation is found to be higher in ¥Y-radiolysis
compared to alpha radiolysis of a resin slurry. Indeed, the
reduction in the extent of degradation in presence of acid
(Section 3.3,3.) compared to radiolysis in presence of water
(Section 3.3.2.) also suggest the possibility of indirect
action in y—radiolysis of resin slurries . It is also estab-
lished (Section 3.3.5.) that the slurried resin decomposes to
a greater extent than the dried resin, suggesting that radioly-
tic products of water play some part in the decomposition of
slurried resins.

In the present irvestigation., experiments have been

designed to evaluate the roles of direct and indirect actions



151,
in bringing about the decomposition of anicn exchange resins.
The roles of HEO—’ .OH and H. ha e becn studied by irradiating
the anion exchange resins with ~eriable water contents and in
presence of different scavengerc., A gualitative study of the
UV-light de-amination of an anicn exchange resin has also been
made in an attempt to understand the inpcrtance of excitation

processes involved.

4,2, Experimental.

4,2.1, Irradiation.
The chloride, nitrate and sulphate forms of resins have
been irradiated by cobalt-60 y-rays at a dose rate of 5.Ox1019ev/g,h,_
(195 Mr/dey)uP to a total dose of 3.0x1020 ev/g., under the

following conditions.

Irradiation condition Form of resin
i) Dry resin. Chloride, nitrate and sulphate.
ii) Neutral aqueous media. Chloride, nitrate and sulphate.
iii) Variable water content Chloride.

in the resin.

iv) Slurried with N.,O0 solution Chloride.
under 20 lbs/in.2.

v) Slurried with sodium nitro*- Chloride.
solutions of variable
concentrations.

vi) Slurried with ethanol Sulpbate.
solutions of variable
concentrations.
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The resins have been prepared by the methods des-
cribed in 2+2¢34, All these resins were dried at 80°C.
for 5 hours. It was found to be important not to employ
higher temperature for drying the resins in order to avoid
even the slight decomposition that occurs at 10500.(Section
2.2,3 ), Even so the small amount of trimethylamine present
in the resin was determined by washing a 2.0 g. sample of
dried resin with distilled water and estimating the amine by
the picrate method(55). This value was subtracted from the

amine estimated after the irradiation of the resin.

Irradiation with variable water content.

The initial water content of the resin dried at 80°c.
was determined by further drying a known weight of the resin
at 105°C. to a constant weight; the 80°C.-dried resin was
found to contain 4% water. The composition of the resin-water
mixture was then adjusted to 1:0.320 ratio by equilibrating the
resin with water vapour, at room temperature, in a desiccator
containing water, for 2 days. Occasional mixing of the resin
sample in the desiccator helped to bring about an uniform
absorption of water. Higher compositions of resin : water,
e.g. 1:0,70 and»1:1 were made by adding a known quantity of
water to the dry resin and mixing them in a mechanical shaker

in a closed vessel. The mixtures were left for 10 days so



153.
that the distribution of water in the resin became uwniform.
The highest resin : water ratio (1:1.5) was obtained by adding
a known quantity of water to a weighed sample of dried resin,
the amount of water being just sufficient to soak the resin.

The samples were introduced to the irradiation vessel
through a narrow glass tube extended from a B-7 cone, in order
to avoid resin sticking to the wall of the vessel during
transfer.

Irradiation in presence of N20.

2.0g. of the resin were transferred to a glass vessel
fitted within a pressure vessel. The latter was fabricated
in stainless steel and fitted with inlet and outlet valves
and a pressure gauge(61). 10 ml. of water were added to the
resin sample. The pressure vessel was closed and NZO gas was fed
at atmospheric pressure through the gas inlet extended to
within the resin slurry. After 5 minutes, the outlet valve
was closed and the pressure of the N20 gas was gradually
increased up to 20 1bs./in?. The gradual increase of pressure
avoided the splashing of the slurry up the wall of the vessel.
The pressure gauge indicated that the pressure remained con-

stant during the irradiation. The irradiations were carried

out at a dose rate of 5x1018 ev/g./hr. up to a dose of 1.2x102060@.
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At the end of an irradiation, the NZO gas was released through
the outlet valve and the solution containing the amine was
separated from the resin by filtration and washing. The fil-
trate and washings were made to a known volume and analysed

for trimethylamine.

Irradiation of slurried resins.

1.0 ge resin samples were irradiated as a slurry in
L.0 mle of water or the following solutions; acid solutions

of up to 7N, NaNO, solution up to 2N and ethanol solution up

3
to 5N.

In the chloride reSin——NaNCB system, some chloride ions
from the resin exchanged Qith nitrate ions from the solution.
The mixture was left overnight for equilibrium to be reached
and then irradiated at a dose rate of 5.Ox1019 ev/g/hr. up to
3.Ox1020 ev/g. After the irradiation, the solution was separ-
ated from the resin by filtration. The chloride estimation in
the filtrate gave the amount of nitrate ions exchanged into the
resin phase and also the amount left in the solution phase.
Dose rate.

The chloride form of resin was irradiated as a slurry in

water at dose rates of 5.Ox1019 and 4.0x1018 ev/g/hr.
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Irradiation by UV-light.

Two samples of aqueous slurry of the chloride form of
resin were contained in B-14 test tubes, one being wrapped
externally with black paper. Both were kept at the same dis-
tance (10 cm.) from the UV-source for the same period of time
and the temperature in both the samples noted.

Trimethylamine was analysed in (i) water washings of
the unirradiated resin, (ii) in the resin sample wrapped with
black paper and (iii) in the sample exposed to UV-light.
Irradiation of the resin in the blackened tube provided a blank
for assessing any thermal formation of trimethylamine resulting
from the heating from the UV-lamp.

Since glass absorbs most of the UV-light, the resin
slurry was also irradiated in a 1 cm. silica cell whilst4 cm.
silica cell containing saturated sodium chloride solution was
used to filter out light < 20008.

The increase in the yield of trimethylamine with time
was noted and the effect of the filter was also observed. No
actinometry was carried out and consequently it was not possible
to evaluate the results guantitatively.

4,3, Results and Discussion.

The result of the ¥-radiolysis of the mixtures of

chloride form of resin and water are shown in Fig. 4.1.
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The yields of trimethylamine were calculated on the basis of
1g. dry resin and the G-values calculated from the energy
absorbed by the resin only, so that any change in G-value with

increasing H,0 : resin ratio may be attributed to the indirect

2
effect brought about by the radiolytic decomposition of water.
The G-values of trimethylamine have been nlotted as a function
of weight fraction of water in the resin. If only energy
absorbed by the resin was effective in producing trimethylamine,
the G-values would have remained constant with increasing water
content. But the experimental results show that G(CHB)BN
increased from v 4.0 (extrapolated value) to 9.5. This marked
increase can only be explained on the basis that irradiated
reactive intermediates produced from water are capable of
reacting with resin to produce trimethylamine. At low water
contents a high proportion of the intermediates must so react
but at higher water : resin ratios an increacingly high propor-
tion of the energy absorbed by water will be ineffective in
producing trimethylamine because of the increasing formation of
intermediates at positions remote from resin. It thus appears
that more than half of the total decomprsition is brought about

by the intermediates produccd from the radiolysis of water,

while the remaining may be attributed to the direct action.
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It may also be mentioned that if the radicals are res-
ponsible for de-amination of the resin, then at a very high
dose rate, decomposition would be expected fo occur to a smaller
extent than that at low dose rates, due to the overlapping of
fhe spurs and thus increasing the chances of radical recombina-
tions: In the present work this was obse»ved to a small extent
when the chloride form of resin was irradiated at 3.5x1018 and
5x’1019 ev/g./hr. (Fig.h.2.).

The radiolysis of water is currently assumed to be
described by

H,OpencdH., .OH, Hzo', Hy, Hy0,.
and the effects of radiation on the solutes in aqueous solutions
may be ascribed to reactions involving one or more of these
species. The G(CH3)3N for aqueous slurry of C1~ resin at a dose
rate of 4x1018 ev/g.hr. is 10.8 . When the same resin was
irradiated in the presence of N20 at 20 p.s.1., the G(CH3)3N
was found to be 8.86. The concentration of N,0 achieved was
fairly low. This small but definite reduction in 'G' may be
explained in terms of scavenging of HBO- by N,0

H,07 + N,O —) N0 + Hy0 eee (1)
competing with

H,0™ + R N'(CHy); — R. + N(CH,), eer (@)

" is also known to be an efficient scavenger of HZO-

(x = 2.36x10%° litre/mole sec.)(63).
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The efficiency of this species was studied by varying the con-
centration of HCl used for slurrying the chloride form of resin,
from 0-7N. A decrease in G(CH?BN from 9.5 to 5.8 (Fig.4.3.) was
observed and this reduction is explained by the reaction of
H,0” with H'.

H,0T + H — H. oo (3)
thus reducing the extent of reaction (2).

The minimum G-value observed for maximun scavenging by B is
still higher than that found for dry resin (G~ 4). However .OH
radicals are known to react with Cl~ ions in acid solution:

.OH + C17 + ' —>Cl. + H,0 cen (B)
and possibly the Cl. atom produced is capable of bringing about
some de-amination.

If however the Cl. atoms are partly responsible for de-
amination, these complications can be avoided by use of H2504
solution as a scavenger for H20_ during the radiolysis of the
sulphate form of resin. Fig.4.3. shows that increasing concentra-
tion of H,80, decreased the G(CH5)3N to a minimum of 3.66.

This value is almost equal to the G(CH3)3N found for dry resin
(Fig.k.1., extrapolated G 4.0}, suégesting that most of the

indirect formation of (CH3)3N is brought about by reaction (2).
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It may be mentioned that the formation of trimethylamine
from the nitrate form of the resin is not influenced by the
presence of water. That is to say that water behaves merely as
an inert diluent and G(CHB)BN remains constant whether irrad-
iated as dry or slurried resin. This comparative stability of
the nitrate form of resin has also been observed by Natarajanm6l
The stability of the nitrate form of resin can now be seen to
be explicable on the basis of the protection of the resin by
nitrate ions against attack by hydrated electrons preduced from
water, for nitrate ions are known to react efficiently with
this species(64). This has been demonstrated by irradiating
the chloride form of the resin slurried with NaNO3 solutions
of different concentrations. Under these circumstances, some
of the chloride ions on the resin were replaced by nitrate ions.

Fig.k.3. shows that G(CH 3N in these systems decreased as the

3)
concentration of nitrate ions was increased and G as 4.0 was
obtained when only 67% of the resin was in the nitrate form.
Conversion of the remaining groups to the nitrate form did not
bring about any further reduction in the G-value. This dis-
poses of the possibility that stability of the nitrate form is

due to the stabilisation of the carbon-amino group bond by

nitrate ions rather than protection by successful competition
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of these ions for hydrated electrons.
H,07 + No; — Nog“ + H 0.

It is interesting that G(CHB)BN oL..erved for the dry
resin in sulphate, chloride and nitrate forms are similar
(G = 4,0 - 4,6). Thus the direct radiation stability of the
resin does not appear to depend upon the salt form.

The above experiments have shown that Hao' is respon-
sible for indirect trimethylamine formation. The roles of
other species, e.g. .0H and H. have been investigated by irrad-
iating the sulphate form of resin in the presence of ethanol.
Both .OH and H. are known to react efficiently with ethanol(652

.OH + CH.CH.OH —> CH3 CH OH + H.O

372 2
He + CHBCHZOH — CH3 CH OH + H2
Fig.k.3. shows that no decrease in G(CHB)BN was observed when

the resin was irradiated in a slurry with ethanol solution.
On the contrary, there was a small increase in G(CHB)N. This
rules out the possibility of any reaction of .0OH and H. in
bringing about the de-amination of the resin.

The role of excitation process in de-aminating the resin
was qualitatively tested by exposing the resin-water slurry to
UV-light. Fig.h4... shows that decomposition of the functional

group of the resin is a direct function of time of exposure.
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Since UV-light is not capable of producing HEO-, deamination
is considered to be brought about by excitation processes.
It is therefore probable that decomposition of dried resin
by y -radiation occurs through the excitation processes.

All thé above experiments show the existence of both
direct and indirect effects in radiation induced deamination
of the anion-exchange resin. The G-value for deamination of
the resin slurried with water is~9.5. When water is absent,
the G-value is reduced to~4.,0 (Fig.4.1.). The minimum

G-value obtained in presence of H,0 scavangers is ~s 3.7

2
(Fig.4.3.). No reduction in the G-value is observed when
the resin is irradiated in presence of the .OH and H. scavanger.
It is therefore concluded that the only species responsible
for indirect effect is HEO_ and ~60% of deamination occurs
through the reaction

RCH, i*i(cH})3 + H,07 —) RCH,. + N(CH,)3 + H0

and the remaining ~40% through the excitation process.



166.
CHAPTER 5.
CONCLUSIONS,

An important factor in reprocessing of nuclear reactor
fuels is the radiation damage to process reagents. Tributyl-
phosphate, an organic compound useful in solvent extraction
when subjected to radiation produces hydr-lytic products
deleterious in a solvent extraction process(66). Exposure
of ethylenediamine to more than O.1 watt-hr. per ml. radiation
results in decreasing effectiveness of material as a complex-
ing agent for metallic ions(66). Ion-exchange methods for
processing of radiocactive solution are attractive and have

(67)

been proposed for homogeneous reactors and for separation

(3, 68).

of plutonium from uranium The loss of capacity and
changes in swelling weights are the two most important factors
affecting the application of ion-exchange resins for radio-
chemical processing at high activity levels.

The present work shows that y-radiation causes about
twice as much damage to salt forms of Deacidite-FF anion
exchange resins as a-radiation. Alpha radiation, in general,
causes a 50% loss in strong base capacity at a dose of

500-600 Mr. and of this 50%, 25-30% change is due to scission

of C-N(CHB)3 bonds and 20-25% change to scission of N-—CH3 bonds.
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Gamma radiation usually causes 50% loss in strong base capacity
at a dose of 200-250 Mr. and, at this dose, 35-40% of the
loss in strong base capacity occurs by scission of C-N(CH3)3
bonds and the remaining 10-15% is due to scission of N-CH3 bonds.
The anion resin decomposition can thus be represented
by the following equations

RCHaN(CHB)B —> RCH.. + N(CH3)3 ees (1)

2

RCHEN(CHB)3 — RCHENH<CH3)2 + CH ees (2)

3"
Reaction (1) is responsible for total capacity loss while (2)
shows the conversion of strong base to weak base capacity.

It is established in this work that about 60% of the
total capacity loss by y-radiation is brought about by an
indirect action through H20-. The difference between alpha
and gamma radiation effects in aqueous resin slurries is due to
the large contribution of indirect effect in the gamma radio-
lysis., It is probable that the nature and extent of the
damage brought about by alpha and gamma direct effects is
similar. The unusual stability of theresin nitrate to gamma
radiation is explained by the electron scavanging action of

nitrate ions which prevents or retards those deamination

processes occurring through Hao' attack.
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Dose rate Bffects in the decomposition of Deacidite FF
are observed in both alpha and gamma-radiolyses, the effect
being more prominent in the former. The lower the dose
rate, the higher is the rate of decomposition.

In many results published in the literature, no mention
is made of the salt form of the resin or .he dose rate used.‘
It is likely that reactiéns with HEO" and, to a smaller extent,
the presence of dose rate effects can explain some of the
differences in reported stabilities (Table 5.1.). Most of
the data published, are expressed in terms of total capacity

(48)

loss. Fisher distinguished the salt-splitting capacity

(15)

and Streat and Hall gave the complete analysis of an

irradiated resin by determinations of strong base and weak
capacities and individual basic products. The results of
gamma-radiolyses of Deacidite FF reported in this work are

(69) (48) (19}

in agreement with Hall y Fisher and Saldadze
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Table 5.1.

Anion Type of Dose| Total Strong |Weak base

exchange | radiation. Mr.| capacity| base |capacity |Reference.

resin. loss capacity| gain.

% loss.
%. %

Deacidite gamma 250 31 50 19 69
FF (C1/0H)
Deacidite " 200 25 50 25 69
FF OH.
Deacidite " 310 | 15 50 35 69
FF NOB'
Dowex A1 " 360 Lo - - Iy
Dowex A1 " 500 50 - - 66
Amberlite " 210 20 L7 - L8
IRA 40O
Amberlite " 210 | 27 50 - L8
IRA LO1
AV-17 " 470 85 - - 19
AM " L4720 9k - - 19
AV-~17 n 190 56 - - 22
Amberlite n andy 650 L5 - - L6
11‘_12;; Lo } | >

mac S- 570 =0 - -
Dowex~1 X-ray 1000 49 - - L3

OH ‘
Dowex-1 " 1000 60 - - 43
Ccl
Dowex-1 o-particle | 600 LL L7 - 2L
Permutit n 500 27 38 - oL
5-1
Permutit 1 t s00 | 17 2k - ol
X .
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Ahrens(ZQ) finds that the order of stability of anion

exchange resins towards alpha radiation are
Permutit SK > Permutit S-1 * Dowex-1

The G-(decomposition of strong base capacity) over the first
200 Mr. for Dowex-1, a resin similar in structure to Deacidite
FF, is 3.8. The G-value for Permutit S1 is 2.5. In this
work the G-value for strong base capacity loss for Deacidite
FF under various conditions is 4.0-4.5. The somewhat smaller
values reported by Ahrens may be due to measurement of capacity
being made on a final volume basiéa Also the 'initial capacity
differences in these resins are partly responsible for the
differences in the rates of reactions. It has been shown that
relatively more weak base capacity is produced in alpha
radiolysis than in gamma radiolysis. The formation of weak
base results in the total capacity reducing less rapidly thsn
the strong base capacity. However, this weak base production
may change chemical selectivity and exchange characteristics.
A comparative study of the break through capacity of irradiated
and unirradiated resins with various isotopes would be useful
in assessing the application of ion exchange resins in pro-
cessing highly radiocactive solutions.

A1l the results of Y-radiolyses and most of the alpha-

radiolyses of Deacidite FF show that the decomposition rate
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is dependent on concentration of functional groups in the
res&n. The capacity changes and product yields are exponen-
tial with increase of dose. The overall decomposition of
the resin due to reactions (1) and (2) are parallel first
order reactions.

The changes in cross-linking of re«ins during radio-
chemical processings will be expected to effect exchange

(17)

kinetics and column pressure drops. Creed however has

shown that the changes in pressure drop in irradiated resins

in his systems are small and can be neglected. Experimental

work in this thesis has shown that gamma radiation at high

doses (above 200 Mr;) increases the cross-linking although

under some conditions i.e. irradiation in presence of YN HNO}’
(16)

the resin undergoes decross-linking . Alpha radiation in

general causes decross-linking of the resin and this is in

(24) (70)

agreement with the observations mace bj Ahrens . Charlesby
has extensively investigated the radiation induced cross-linking
and degradation processes in various polymers and reviewed
various theories in relating the observed behaviour with
radiation dose. He concluded that cross-linking is a more

complex process than was first assumed. In ion exchange resins,

the loss of functional groups with increasing radiation dose
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is expected to reduce the swelling weight due to reduction
of the water of hydration(7). The increase in swelling weight
with increasing alpha dose is therefore explained by the
change in number of transverse bridges in the structure of
polymer matrix producing modification of the amount of water
retained in the internal phase of the resin.

Associated with increase of swclling weight there is
an increasing dissolution of polystyrene polymer. In gamma
radiolysis of the anion exchange resin, as the polystyrene
becomes cross-linked, the solubility decreases. Creed(17)
by a diffusion measurement observed a small change of
exchange kinetics in irradiated &i'.cn exchange resins. An
extension of such studies to highly irradiated anion exchange
resins would be valuable in assessing exchange kinetics of
relevance to radiochemical separation process.

The application of ion exchangers in removal of
fission products from reactor core solutions has been pro-
posed by Ferguson(67>. Cathers(66) has shown that in the
case of a 360-MW reactor, 300 iitres of core solution at
room temperature can be processed per day to remove 400 g.

of gross fission products, provided a 5 days cooling period

is allowed. In this case, the solution is to be processed
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by a 2-1litre bed of. sulphonated phenolic resins, and the
acceptable capacity loss is taken as 10% of the total. A
polystyrene resin which suffers a capgcity loss of about 15%
per watt-hr. per g. resin can be used after 100 days of
cooling pericd.

Experimental work in this thesis shows that Deacidite FY
can be used in such a process only to a limited radiation dose.
Thus if 10% total capacity loss is acceptable and the swelling
weight change is to be kept small, the resin can be used up to
about 180 Mr. (~0.5 watt-hr/g.) for alpha radiation. For
Y-irradiations, the resin in most forms can be used up to
L0-50 Mr. but the nitrate form of resin can be used to a
radiation dose in excess of 100 Mr. Therefore, if the contact
time of the absorbed isotope is small, these ccnditions are
quite acceptable for many processes e.g. of Pu.239 (specific
power 0.0019 watts/g. Pu)(66). Account must be taken of
other activities in the process solution, and in primery

separations these will contribute largely to resin decomposition.
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Symbols and Abbreviations Used.

8

Xngstr%m unit (= 107" cm.).
Disintegrations per second.
Divinylbenzene.
Electron-volt.

Molar extinction coefficimt (litre/mole cm.).

Energy of a particle (Mev).

G-value Number of molecules changed per 100 ev of energy absorbed.

£

HZO

b/ 2
Kd
M

Mev

meq/g.

Mr.

0.D.

SB

W

WB

N

gram.
Hydrated electron.

Pounds per sqguare inch.
Distribution coefficient.
Molarity.

Mega electron-volt (1O6ev).
Milliequivalent per gram resin.
Megarad (106 rads).

Normality.

Optical density.

Range of alpha particles in matter (mg/cma).

Strong base.
temperature °c.,

Weight fraction of the elements of which a compound
is composed of.

Weak base.

Atomic number.

1072 m.
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Appendix 1.

Calculation of the range of americium alpha-particles

in Deacidite ¥F and in the resin slurry.

The ratio of the range in an absorber Ry and the
range in air R, for alpha particle energy E is given by

equation (72 )

gi = 0,90 + 0.0275z + (0.06-0.0086z) log %- eee (1)
where M is the mass mumber of the particle, E 1s the initial
energy of the particle in Mev, and z = atomic number of
absorber. This eguation is applicable to absorbers with
z>10. For lighter elements, (0.90 + 0.0275z) of eguation (l)
is replaced by 1.00 except for helium end hydrogen yhere values
of 0.82 and 0.83 are used.

The renge of alphe perticle of ecnergy 5.46 Mev in air
is 3.85 mg/bm? ( 72 ). Using the equation (1) the range of
the azlpha particle in hydrogen

R; = 3.85 (0.30 + 0.051 log ﬁiéé) = 1.18 mg/bm%

The range in oxygen

5.
R, = 3.85 (1 - 0.008 log =i

46) 3.85 mg/cm%

The range in carbon

li

R, = 3.85 (1 + 0.008 log é‘%Q) 3.85 ng/en’

The range in nitrogen

Ry = 3.85 (1 - 0.0002 log iiié) = 3.85 mg/ ot
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The range in chlqrine
Ry = 0.90 + 0.0275 x 17 + (0.06-0.00086x17) 1og5j4§)
2
= 5.2 mg/cm.

The range of alphe particle in a compound Ry is given by

L. 2,5 (2)
= = pomand + sa 0
Ry B R TR

where Wis W, w3 are the weight fractions of elements of which
the compound is composed of.
WYater is 88.9% by weight of oxygen and 11.1% by weight

of hydrogen and hence from equation (2)

e = 02880 4 0.111 o5 that
RHQO 3.85 1.18

RHgo 3.07 mg/cm% or the renge is 3.07 x 10-5 Clie
Similarly, in Deacidite FF, the weight fractions of carbon,
hydrogen, nitrogen and chloride are 0.70, 0.096, 0.34 and 0.17

respectively, so that

0.70 4 0.006 . 0.034 . 0.17 _
585 | 1.8 385 T mp = 03046

]

-3
Rresin
or
resin © 5.28 mg/cm? or range = 3%.28 x 10"5 cl.

and range in a resin slurry of 50% Ho0 end 50% resin

22 - 0.318
=5 3187
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Appendix 2.

Calculation of alpha dose received by the resin siurry.

AMpha-particle dose received by the resin was calcu~
lated from the known quratities of the americium and resin
slurry in the system. Insystems where initial weight of
dry resin and the amount of americium solution was known, the

dose wag calculated as follows:-

m-241 = % mg.

Resin ¥ &
Solution = z g.
Specific activity of Am-241 = 1.19 x 10° d.p.s. per mg.

Energy of each alpha-particle = 5.46 lev.

il

Dose rate/day mg. of Am. (5.46x1.19x108x5600x24) Mev.

. « Dose rate/day/x mg.Am. (5.46%1 .19%10%%3600x 3% 324) Mev.

Since this dose has been received by (y+z) g.
The dose rate in the system =

5.46 x 1.19 x 108 x 3600 x 24 x X
(y+z) x 6.2 x 1O13

Mr/day. .. (1)

In systems where z was not initially known, the apparent volume
and density of the slurry were experimentally determined, so
that the weight of the slurry per g. of dry resin was known.
Lxamples

0.2688 g. dry (SCN)form of resin slurried in ™M NH4SCN

solution occupies O.7 ml.
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The density of such slurry = 1.09 g./ml.

. « weight of 1 g. dried SCN form of resin slurried in

0.700 x 1.09
il NH4SCH = 0.2888

The dose rate was then calculated by using the equation (l)
above.
It has been assumed that all the energy was absorbed

(24)

in the system in fact, however, Ahrens has calculated

that gbout 16% of the energy is lost through the surface.



182.
Appendix 3.

Dosimetry in irradiations of Deacidite FF

by Co-6C gamma-rays.

The molecular weights of lon exchange resins are not
precisely known, however each repeating unit of the resin
containing a functional group may be taken as a molecule.

The molecular weight of such a unit containing &% DVB is

192. However the molecular weight changes with exchangeable
ions i.e. C1°, N0z, 5045, etc. Calculations (Table A.3.1.)
show that aumbers of electrons per g. resin in the various
forms are almost equal to that of water. The Fricke dosi-
meter is therefore applicable for calculation of dose received
by a resin slurry when irradiated by gamma-rays.

The dose received by the Fricke dosimeter is calculated
as followss-

The measured optical density O0.D. =g€¢d

where € is the extinction coefficient = 2115 at 20°¢.

4+

It

¢ = concentration of Fe

in moles per litre-

d

fi

cell thickness in em. = 1 cm.

Above 20°C., 0.D. decreases by 0.7 per °C. increase in temperature,
_ 0.D.(1-0.007t)
- 2115

where t 1is the temperature of the sample minus 20°¢.

so that
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Table A.5.1.

Molecular Number of Number of
Compound . * !
weight . electrons electrons
per per g. X 1023, ¢
molecule. '
i
Viater 18 10 3. 34 :
Chloride 208 113 3.23
form of
resin.
Nitrate 235 128 3.28
form of
resin.
Thiocyande} 231 126 3.28 i
form of
resin.
Sulphate 221 121 3,30
form of
resin.

*8% DVB is taken into account.
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The energy absorbed is then calculated from
G Fe5+ = 15,5 and assuming the density of the

solution as unity, 23
100 x 6.02 x 107 ¥ ¢ 4
Energy absorbed = 3 sv/g. .
15.5 x 10

Substituting the value for ¢,

100 x 6.02 x 1025(1-o.oo7t) 0.D.
15.5 x lO3 x 6.24 x 1045)5 205

Dose absorbed in rad =

= 2.94 x 104 (1-0.007t) 0.D.



185.
Appendix 4.

Calibration for recovery of amine by steem digtillation.

2-15 ml. of 10'2N aqueous tiimethylamine solution
was transferred to a 50 ml. steam distillation flask. 2 ml.
of conc. NaQOH was added. The trimethylamine was steam dis-
tilled. The distillate was made up to 29 ml. and the amine
recovered was estimated by the picrate method. The recovered
amine against initial quantities of amine are plotted,
(Fig.A.4.1). The procedure was repeated with the amines
produced by y-radiolysis ofw0.1g. of chloride resin. The
leach solution was made up to 25 ml., 12.5 ml. was used for
estimation of amine prior to distillation while the remaining
12.5 ml. was steam distilled. The calibration curve is
reproducible by ¥ 10% and shows that 50-80% of the amine is

recovered by steam distillation.



2
om=,

3

neg . x

-
)

DISTILLAYE

1
<d

1 )1 T G
_3)3m I 0

(ot

186

g 3 ¥ S i i ¥
L .
: Figehe &af. Calibration curve for recovery for
3 trimethylamine by steam distillation
E of alphe-radiolytic vproducts of Deacidite FF.
L
] 1 2
0.8 1.0 1.2 1.4

(CH3)5N IN THE SOLUTION : meqex 1072,



(10)

(11)
(12)
(13)

(14)
(15)

(16)

187,

References.

Progress in Nuclear Engineering, Progress Chemistry,

R. Kunin.

JeL. Ryan and
E.J. Vheelwright.

P. Regnault et al.

®.W. Tober.

W.1l. Bowes.

M.H. Lloyd.

G.H, Eiggins and
W.W.T. Crane.

E.G. Swope and
L. Anderdon.

V4. Hodger.

A.C. Muller.

R.F.5. Robertson.

Y. Marcus,; M. Givon

and G.R. Choppin.
A.L. Comyns.

M. Streat.

P.R. Natarajan.

Series III, Vol..2, Lditor F.R. Bruce,
Pergamon Press, 1958.

Ind. Eng. Chem. 30A-35A. August 1956.

Peaceful Uses of Atomic Energy,
P/1914, p.291 (1958).

Second Conf. Peaceful Uses of Atomic Energy,

17, 73 (1958).

Peaceful Uses of Atomic Energy, P/520 (1958).

Paper presented at the 138th meeting of
Atmer. Chem. Soc. M.Y. City, Sept. 1960.
Also Chem. Eng. News 38, 114 (1960).
Fucl. Sci. Eng. 17, No.3, 452 (1963).

Peaceful Uses of Atomic Energy,
17, 245 (1958).

Ind. Eng. Chem. 47, 78 (1955).

Disnosal of Radioaotiye Wastes,
T.A.L.A.. Vienna, STI/PUB/18, 1960.

Ind. Eng. Chem. 51, 1254 (1959).
Proc. First Geneva Conf. 7, 556 (1956).

J. Inorg. Mucl. Chem. 25, 1457, 1963.

Chem. Rev. 60 (115-46) April 1960.

Ph.D. Thesis, Imperial College of Science
and Technology, London (1960).

Ph.D. Thesis, Imperiel College of Science
and Technology, London (1963).



(References - contd.).

(17) R. Creed.

(18) E.D.
K.V,

and N.V. Filatora.

(19)

(a)B.N. L..korin et al.
(b)K.M. Saldadze et al.

Kisel:va,
Chumutov,

(20) M. Pesek and V.

(21) M. Shugihara and
K. Morito.

(22) 11.D.
W.I.
M.V.

V.M.

(23) J.S. Lou, I.A.Kuzin
and A.M.Shemnkin.

(24) R.W.

(25) L.R. Bunney et al.

(26) 1.1,

Kalinina,
Nikolaev,
Gurev and
Tunitskii.

Ahrens.

Starik and

F.L.Ginzburg.

(27) &.K.

Hulet et al.

(28) W.W.T. Cane.

(29) R

Dzimond,

K. Street and

G.T.

(30) J.P.
G.R.

(31) I.A.
G.N.

(%2) T.R.

Seaborg.

Surls and
Choppin.

Levedev and
Yakolev.

Keenan.

188.
Ph.D. Thesis, Imperial College of Science
and Technology, London {1964).
. Russ., J.Phys.Chem.
36, 1335, 1962.

Zh.Prikl. Khim. 34, 881 (1961).

Ion-Xnchange Molecular Compounds,
Moscow Goskhimizcdat (1960).
Radl. Chem. Zvesti, 18, No.7,502 (1963).

Kegeku to Koyo (Osaka) 37, Fo.(9-12)
376, 1963.

Atomic Energy (USSR) 16, No.3, 245 (1964).

Zh. Prinkl, Khim. 37, No.4, 893 (1964).

D.P. 654, Cont.(A4T.7-2-1) 22P, Nov. 1961.
USRDL-TR-228 (May 12, 1958, 14P).

Radiockhimiya 3 ¢ No.1l, 45-51 (1961).

J. Inorg. Nucl. Chemistry 17, 350 (1961).
Los Alamos Report ©LA.1975.

J. Am. Chem. Soc. 76, 1461, 1954.

J. Inorg. Nucl. Chem. 4, 62, 1975.

Redio Khimiva, 4 (3) 304, 1962.

J. Inorg. Nucl. Chem. 20, 185, 1961.



189.

(References - contd. ).

(33) V.A. Ryan and USLEC Report REP-13%0-1960.
J.W. Pringle.

(34) H.E. Lloyd snd USALC Report CF.60-3-2% (1960).
R.H. Louze.

(35) 8. Adar et al. J. Inorg. Mucl. Chem., 25, 447 (1963).

(36) S.¢. Thompson, Paper 19, 1 P.1339 of the Transuranium
L.0. lMorgan, Elements, ¥atl. Nuclear Lrexr;y Ser.
R.A. James snd Div. IV 143 (1949),

I. Periman.
(37) R.A. Glass. J. Am. Chem. Soc. 77, 807 (1955).
(38) L.VW. Wish et al. J. Am. Chem. Soc. 76, 3444, 1954.

(39) G.R. Choppin et 21.J. Inorg. Nucl. Chem.2, 66 (1956).

(40) I. Grenthe. hcta Chen. Scend. 16, 1695, 1962.
(41) A.I. Moskovin. Radiokhimiya Vel I, Ho.4, 430-434 (1959).
(42) L.¥. Holm. J. Inorg. and Fucl. Chem. 19, 251-61 (1961).

(45) R.E. Wedemeyer. Vanderhilt Univ. 1953.

(44) T. Shigematsu and Bull. Inst. for Chemical Research,

T. Oshio. Kyoto University, 37, No.5-6, 1959.
(45) L.L. Smith and USAEC Report IP-549, 1961.
H.J. Groh.
(46) K.4. ¥ater. Peaceful Uses of Atomic knergy, A/Conf{i?é?/
(47) I.R. Higgins. USAEC Report ORNL-13%25, 1953.
(48) S.A. Fisher. © USALC Renrzt REI0-2528, 1954.
(49) E.D. Kiseleva, Russ. J. of Phys. Chem. 37, 876, 1963.

K.V. Chumutov and
V.M. Krupnova. Q

(50) L. Wuckel, E.Niese Sofderdruck =us Isotopentechnilk,
and W. Koch. Pades 303-306, 2 (1562).



(References - contd.).

(51) A.I. Vogel.

(52) I.}M. Kolthoff and
R. Elmguist.

(53) $. Fisher and
R. Kunin.

(54) F. Jurackse and
J. Stamberg.

(55) J. Dyer.

(56) L.L. Stanley,

190.

Quqntitative Inorganic Analysis,
(1951) Longmans .

J. Am. Chem. Soc. 53, 1225-1232, 1931.
Anal. Chem. 27, 1191, 1955.

Russian J. Appl. Chem. 35, 10, 2995 (1962).

Fisheries Research Board Canal, 7, 576,1950.
Anal. Chem. 23, 1779 (1551).

H. Baum & J.L.Grove.

(57) M, Persez and
R. Poirier.

(58) w.T. Bolleter,
C.J. Bushman and
P.W, Tidwell.

(59) K.W. Pepper et al.

(6Q) 1i.K. Rahman and
P.G. Clay.

(61) J.M. Francis.

(62) J. Klaschka and
G.R. Hall.

(63) S. Gordon et al.

(64)(a)S.Gordon et al.
(p)J.H.Baxendale.

(65) G.G. Jayson,

Bull. Soc. Chim, France, 754 (1953).

Anael. Chem. 33, 593 (1961).

J. Chem. Soc., 3129 (1952).

Unpubl ished work, Nuclear Tech. Lab.,
Imperiszl College, London.

Ph.D. Thesis, Imperial College, 1963.

Imperial College. Private Communication

(1965).
J.am.Chem.Soc. 85, 1375 (1963).

Disc.Faraday Soc. 36, P.193, 1963.
Nature 203, P.h6k, 1964,

J. Chem. Soc. 1358 (1957).

G.Scholes and J.Weilss.

(66) G.I. Cathers.
(67) D.E. Ferguson.

(68) A.M. Aikin.

(69)(a)G.R. Hall and
M. Streat.
(b)G.R. Hall,
P.R. Natarajan
and M. Streat.

A/Conf. 8/P/743, 1955.

The Chorizcal Processing of Aqueous
Homogeneous Reactor Fuels.Session R.5.2.
Paper 580.

Proc.Nucl.Zng.Sci.Conf. 2nd Conf.Philadelvhia
(1957).

Journal of Chemical Society, Nov.1963
(pp.5205-5211).

Te be published.



191,
(References - contd:).

(70) A. Charlesby. Atomic Radiation and Polymers
Vol.1, Pergamon Press. 1960.

(71) F. Helfferich. Ion Exchange. licGraw-Hill Book Co.Inc.
1962 (p.105).

(72) G. Friedlander and Nuclear and Radiochemistry.
J.W. Kennedy. John Wiley & Son. 1960.

s ok ok KK koK KR K



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129
	Page 130
	Page 131
	Page 132
	Page 133
	Page 134
	Page 135
	Page 136
	Page 137
	Page 138
	Page 139
	Page 140
	Page 141
	Page 142
	Page 143
	Page 144
	Page 145
	Page 146
	Page 147
	Page 148
	Page 149
	Page 150
	Page 151
	Page 152
	Page 153
	Page 154
	Page 155
	Page 156
	Page 157
	Page 158
	Page 159
	Page 160
	Page 161
	Page 162
	Page 163
	Page 164
	Page 165
	Page 166
	Page 167
	Page 168
	Page 169
	Page 170
	Page 171
	Page 172
	Page 173
	Page 174
	Page 175
	Page 176
	Page 177
	Page 178
	Page 179
	Page 180
	Page 181
	Page 182
	Page 183
	Page 184
	Page 185
	Page 186
	Page 187
	Page 188
	Page 189
	Page 190
	Page 191
	Page 192

